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ABSTRACT 
Vegetation is a key component of the Earth’s climate system. Understanding 
vegetation dynamics in a changing climate requires both in situ and remote sensing data. 
Satellite remote sensing is especially indispensible for continuous monitoring of 
vegetation over large areas. This dissertation is focused on investigation of vegetation 
dynamics in the broader context of climate change using satellite data over two critical 
regions: the arctic-boreal area in the northern high latitudes and Amazonia in South 
America. 
The northern high latitudes have experienced amplified warming. We found the 
response of the arctic-boreal vegetation to this warming to be different between North 
America and Eurasia during a 30-year period since 1982: the relationship between 
vegetation green-up and temperature rise was stable over Eurasia, but in North America, 
the amount of vegetation green-up per unit amount of warming has decreased since the 
beginning of 21st century. This could partly be explained by the unmatched northward 
movements of temperature and precipitation patterns in North America. 
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The Amazonian rainforests have highly dense canopies of green leaves. In such 
dense media, reflection of solar radiation tends to saturate. Thus, the satellite 
measurements are weakly sensitive to vegetation changes. At the same time, the data are 
strongly influenced by changing sun-sensor geometry. This makes it difficult to 
discriminate between vegetation changes and sun-sensor geometry effects. We developed 
a new physically based approach to detect changes in dense forests. Analyses of several 
years of data from three sensors on two satellites under a range of sun-sensor geometries 
provide robust evidence for a sunlight driven seasonal cycle in structure and greenness of 
Amazonian rainforests.  
The 2005 and 2010 dry-season droughts decreased the photosynthetic activity of 
Amazonian rainforests. We demonstrate that satellite data capture such decreases. 
Furthermore, we show that in 2004 and 2007, when there was lower wet-season water 
abundance compared to normal years, the photosynthetic activity of Amazonian forests 
also decreased. Potentially frequent water deficits over Amazon in the future, irrespective 
of whether they occur in the dry or wet season, will decrease the photosynthetic activity 
of Amazonian forests, and provide a positive feedback to global warming.  
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Chapter 1 
Introduction 
Earth’s climate is changing rapidly due to the rising atmospheric CO2 
concentrations. CO2 in the atmosphere traps thermal infrared radiation emitted from the 
Earth’s surface, and thus increases the surface air temperature. The increase of surface air 
temperature has profound impacts on the climate system. Of all the climate system 
components, vegetation plays an important role through the exchanges of energy, 
momentum, and mass with the atmosphere (Bonan, 2008; Heimann and Reichstein, 2008). 
Green vegetation not only absorbs CO2 produced by fossil fuel burning and respiration of 
bacteria, animals, and plants themselves, but also transfers energy and water into the 
atmosphere through evapotranspiration. Climate variation and vegetation dynamics are 
closely related to each other. (Heimann and Reichstein, 2008). 
Because of the large areal coverage of vegetation on the Earth, and the dynamical 
intra-annual and inter-annual variation of vegetation, satellite remote sensing is the only 
practical way to provide continuous monitoring of vegetation dynamics over large areas. 
1.1 Satellite remote sensing of vegetation dynamics 
The spectral reflectance of green vegetation is very different from those of other 
land cover types, such as water, bare ground, and snow/ice. Vegetation has high 
reflectance in the near infrared spectral region and low reflectance in the visible spectral 
region. Satellite remote sensing relies on the reflectance characteristics to estimate green 
 !
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vegetation activities. Two vegetation indices are most commonly used in satellite remote 
sensing of vegetation: Normalized Difference Vegetation Index (NDVI) and Enhanced 
Vegetation Index (EVI). The formulas of these two indices are as follows (Huete et al., 
2002). 
 !"#$ = !!"#!!!"#!!"#!!!"# (1.1) !"# = !× !!"#!!!"#!!"#!!!×!!"#!!!×!!"#$!! (1.2) 
 
where !!"#, !!"#, and !!"#$ !are the surface bidirectional reflectance factors for near 
infrared, red, and blue bands, respectively; and the coefficients adopted in the EVI 
algorithm are L = 1, C1 = 6, C2 = 7.5, and G (gain factor) = 2.5. Vegetation indices 
indicate the level of vegetation photosynthetic activities (Myneni et al., 1995), so 
generally denser vegetation has higher vegetation index values. In addition to vegetation 
indices directly calculated from surface reflectances, leaf area index (LAI) is another 
widely used vegetation biophysical parameter retrieved from satellite remote sensing. 
LAI is defined as the total area of leaves above unit ground area, so it describes the leaf 
abundance for each remote sensing grid (Myneni et al., 2002). Because leaves are the 
major interface of climate-vegetation interaction, LAI is widely used in many climate-
modeling applications (Sellers et al., 1986). 
Advanced Very High Resolution Radiometer (AVHRR) on board a series of 
National Oceanic and Atmospheric Administration (NOAA) platforms, which have near-
polar sun-synchronous orbits, has provided the longest time series of daily observations 
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of the Earth since July 1981 in 5 or 6 spectral bands at spatial resolution of 1.1 km 
(Tucker et al., 2005). All the AVHRR sensors have red and near infrared bands, which 
can be used to calculate NDVI indicating vegetation’s photosynthetic activity (Myneni et 
al., 1995). Because these AVHRR sensors are on different platforms and operate in 
different time periods, the NDVI data have to be carefully calibrated to make sure they 
have consistent accuracies and are not affected by the changing atmospheric conditions 
caused by big volcano eruptions (e.g. the Mountain Pinatubo volcano eruption in 1991). 
The Global Inventory Modeling and Mapping Studies (GIMMS) NDVI data set is the 
most widely used NDVI data set in vegetation monitoring, and GIMMS NDVI3g (third 
generation GIMMS NDVI) is the newest version of this data set, which implemented 
more advanced calibration and atmospheric correction than previous versions. Although 
the original AVHRR observations are daily, GIMMS NDVI3g data set are provided bi-
weekly to mitigate the contamination of cloud covers, and also the spatial resolution of 
GIMMS NDVI3g data is aggregated to 8 km. 
Moderate Resolution Imaging Spectroradiometer (MODIS) remote sensors 
onboard Terra and Aqua satellites are much more advanced than the AVHRR sensors in 
that MODIS has 36 spectral bands, which are very important for accurate cloud detection 
and atmospheric correction, because of the many fine spectral bands; and in that the 
spatial resolutions of MODIS (250m, 500m, and 1km depending on bands) are much 
finer than that of AVHRR (1.1 km), which provide more detailed information of 
vegetation dynamics. Terra was launched in December 1999 (started to provide data in 
 !
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February 2000), and Aqua in May 2002, so we can use MODIS data to study vegetation 
dynamics from 2000 onward. 
The MODIS Land Process Distributed Active Archive Center (LP DAAC) 
provides many products describing the land surface status, which include NDVI, EVI, 
and LAI (Huete et al., 2002; Myneni et al., 2002). LP DAAC provides the latest version 
(Collection 5) of MODIS NDVI, EVI, and LAI products. Recently, more advanced 
MODIS NDVI/EVI products called MAIAC VI, which use more advanced atmospheric 
correction and more accurate and less conservative cloud detection algorithm, are 
especially useful in monitoring the dynamics of tropical vegetation, because cloud 
contamination caused by the humid weather is very severe over tropical vegetation, such 
as Amazonian forests (Hilker et al., 2012). 
1.2 Study areas 
Arctic-boreal vegetation in northern high latitudes and Amazonian rainforests are 
two important vegetated areas on Earth (Figure 1.1), and they are the study areas of this 
dissertation. Arctic-boreal vegetation is very sensitive to climate change because of the 
pole-ward amplification of global warming in northern high latitudes (Myneni et al., 
1997; Serreze and Barry, 2011). This region has continuously been studied because of its 
sensitivity to climate change (Zhou et al., 2001; Myneni et al., 2001; Euskirchen et al., 
2007; Bhatt et al., 2010; Blok et al., 2011; Myers-Smith et al., 2011; Beck et al., 2011; 
Xu et al., 2013).  
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The dynamics of Amazonian rainforests have huge impacts on the climate system 
(Saleska et al., 2003; Malhi et al., 2006; Hutyra et al., 2007), and the future of 
Amazonian rainforests are of great concern to the research community (Malhi et al., 2006) 
because of the ecological function, in particular the large amount of carbon (more than 
100 billion tons) stored in Amazon rainforests (Malhi et al., 2008). If the Amazonian 
rainforests degrade to savannas as some studies worry (Cox et al., 2004; Malhi et al., 
2008), the global warming process would be much accelerated due to the released carbon 
from these rainforests. 
1.3 Objectives and dissertation structure 
In order to maintain a climate system that’s suitable for human beings to live, we 
need to better understand the vegetation dynamics in the context of climate change, 
because of the close interaction between climate and vegetation. The objective of this 
dissertation is to provide better understanding of vegetation dynamics over our study 
areas using satellite remote sensing data together with other observations of climate 
variables, such as temperature, precipitation, radiation, etc. The dynamics of arctic-boreal 
vegetation over the past 30 years from 1982 to 2011 are compared between North 
America and Eurasia in Chapter 2. The seasonality in canopy structure and 
photosynthetic activity of Amazonian rainforests is clarified in Chapter 3. Chapter 4 
revisited the issue of Amazonian forests’ response to droughts using improved MODIS 
vegetation index retrievals. Chapter 5 is the concluding chapter. 
 !
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1.3.1 Comparison of vegetation dynamics in northern high latitudes between North 
America and Eurasia over the past 30 years from 1982 to 2011 
The increase of surface air temperature in northern high latitudes is much greater 
than the global average, known as the pole-ward amplification of global warming; hence 
the response of vegetation in northern high latitudes to climate change is very prominent 
(Myneni et al., 1997; Xu et al., 2013). The arctic-boreal vegetation in northern high 
latitude resides in two continents: North America and Eurasia, which have different 
climates and species compositions. So in Chapter 2 we compared the vegetation 
dynamics in northern high latitudes between North America and Eurasia over the past 30 
years from 1982 to 2011.  
1.3.2 Does Amazonian rainforests maintain consistent canopy structure and 
greenness during dry season? 
Amazon forests contain half of the carbon stored in tropical forests and are very 
important for the global climate system through exchanges of energy, mass, and 
momentum with the atmosphere (Malhi et al., 2008). However, current understanding of 
the dynamics of these tropical rainforests is still limited, even with conflicting 
conclusions about the intra-annual variation or seasonality in canopy structure and 
photosynthetic activity of Amazonian rainforests from various studies (Saleska et al., 
2003; Huete et al., 2006; Myneni et al., 2007; Morton et al., 2014). The recent report by 
(Morton et al., 2014) criticized previous interpretations of remote sensing data over 
Amazonian rainforests, and concluded that Amazonian rainforests maintain consistent 
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canopy structure and greenness during dry season. This raises a question about our 
understanding of the intra-annual variation of Amazonian rainforests. Chapter 3 proves 
that there is sunlight-mediated seasonality in canopy structure and photosynthetic activity 
of Amazonian rainforests using data from multiple remote sensors on various satellite 
platforms. 
1.3.3 Amazonian rainforests’ response to droughts 
Amazon forests experienced two severe droughts in the 21st century: one in 2005 
and the other in 2010. There were confusions about Amazonian forests’ response to these 
droughts. For the 2005 drought, there were reports from ground-based observations 
saying increased tree mortality and forest fires (Napstad et al., 2004, 2007) as well as 
reports based on remote sensing concluding that Amazon forests greened up during the 
drought (Saleska et al., 2007). The conclusion of Amazonian forests greened up due to 
the 2005 drought based on satellite remote sensing data turned out to be caused by 
atmospheric contamination, which elevated the observed greenness during the 2005 
drought (Samanta et al., 2010). Recently another report based on Collection 5 MODIS VI 
data concludes that even if Amazon forests decreased greenness during droughts, satellite 
remote sensing cannot detect such response of vegetation to droughts because satellite 
remotely sensed Amazonian forests greenness declined continuously after 2006 even 
when there were no droughts. Chapter 4 clarified the confusion about satellite remote 
sensing’s ability in assessing Amazonian forests’ response to droughts, which are likely 
to be more frequent in the future.  
 !
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Figure 1.1 Global annual average green leaf area index from Terra MODIS leaf area 
index retrievals over 10 years from 2001 to 2010. Arctic-boreal vegetation in northern 
high latitudes over North America and Eurasia experienced the pole-ward amplification 
of global warming. Amazonian rainforests in South America contain the largest patch of 
tropical evergreen trees. 
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Chapter 2 
Divergent Arctic-Boreal Vegetation Changes between North America and Eurasia 
over the Past 30 Years from 1982 to 2011 
2.1 Introduction 
Vegetation dynamics play a key role in the changing climate system through 
important physical, chemical, and biological processes and feedbacks within the global 
carbon and hydrological cycles (Bonan et al., 2008; Heimann et al., 2008). A principal 
feature of the changing climate is the observed increase in global surface air temperature 
over the past century—especially in the arctic-boreal region, which is known as pole-
ward amplification of warming (Serreze and Barry, 2011). This has huge impacts on 
vegetation in northern high latitudes (Zhou et al., 2001; Bhatt et al., 2010; Macias-Fauria 
et al., 2012; Piao et al., 2006). Previous studies on the northern high latitude vegetation 
revealed different ecosystem responses to rising temperature in Eurasia (EA) and North 
America (NA)—persistent greening (increase in vegetation photosynthetic activity) in 
EA, fragmented patterns of greening in NA (Zhou et al. 2001; Bogaert et al., 2002), 
circumpolar arctic tundra greening (Bhatt et al., 2010; Beck et al., 2011; Goetz et al., 
2005; Sturm et al., 2001), and boreal forest browning in NA (decrease in photosynthetic 
activity; Goetz et al., 2005; Angert et al., 2005; Barber et al., 2000; Goetz et al., 2007).  
Temperature was construed as the major climatic variable causing the green-up of 
arctic-boreal vegetation (Zhou et al., 2001; Bhatt et al., 2010; Macias-Fauria et al., 2012; 
Piao et al., 2006; Wang et al., 2011; Xu et al., 2013). The arctic greening, including 
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tundra green-up and tree/shrub expansion, was due to the temperature increase; and the 
arctic greening further amplified the temperature increase, because of the decreased 
albedo. In other words, there were positive feedbacks between arctic greening and 
temperature increase (Sturm et al., 2001; Chapin et al., 2005; Euskirchen et al., 2007; 
Tape et al., 2006; Walker et al., 2006). Vegetation changes in the boreal region have been 
attributed to several factors—temperature induced drought (Angert et al., 2005; Barber et 
al., 2000; Buerman et al., 2007; Piao et al., 2011), increase in winter snow depth 
(Bulygina et al., 2011), and disturbances (e.g. fires, insects; Goetz et al., 2005; Goetz et 
al., 2007; Lantz et al., 2010; Soja et al., 2007).  
In this chapter, we used remotely sensed vegetation index data, as well as other 
climatic variable data (i.e. temperature and precipitation) to compare the arctic-boreal 
vegetation changes between North America and Eurasia over the past 30 years from 1982 
to 2011, in order to infer the future vegetation dynamics in the arctic-boreal region. 
2.2. Data  
2.2.1. AVHRR NDVI3g 
NDVI is a radiometric measure of the amount of photosynthetically active 
radiation (~ 400 to 700 nm) absorbed by chlorophyll in the green leaves of vegetation 
canopies (Myneni et al., 1995) and has proven to be a good surrogate of vegetation 
photosynthetic activity (Myneni et al., 1997). The latest version of the Normalized 
Difference Vegetation Index data set, called Global Inventory Modeling and Mapping 
Studies (GIMMS) NDVI3g (third generation NDVI), generated from the observations of 
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Advanced Very High Resolution Radiometers (AVHRR) onboard a series of NOAA 
satellites (NOAA 7, 9, 11, 14, 16, 17 and 18), was used in this study. The quality of 
GIMMS NDVI3g data over high latitudes was particularly improved using improved 
calibration procedures (Bhatt et al., 2010; Pinzon et al., 2012). 
The NDVI3g data set has a spatial resolution of 8 km, and temporal resolution of 
half-month. The maximum NDVI value over a 15-day period is used to represent each 
15-day interval to minimize the corruption of vegetation signals due to aerosol and cloud 
contamination, as well as varying sun-sensor geometry effects caused by the wide swath 
of AVHRR and the varying solar zenith angles in different seasons of year (Holben et al., 
1986). This compositing scheme results in two NDVI composites per month. The 
NDVI3g data from July 1981 to December 2011 were used in this study. NDVI values 
less than 0.1 were excluded in this analysis, because these NDVI values less than 0.1 are 
mostly influenced by vegetation backgrounds that are photosynthetically inactive. 
2.2.2. Temperature and precipitation data 
We used the station observation based global land monthly mean surface air 
temperature dataset (Fan and Dool, 2008) provided by Climate Prediction Center (CPC) 
of NOAA National Centers for Environmental Prediction (NCEP) in this study. The data 
set is at half-degree spatial resolution, and we used the temperature records from 1982 to 
2011 in this chapter to study the inter-annual growing season temperature variation. 
Monthly total precipitation data were obtained from the latest version (version 
3.1) of the Climatic Research Unit (CRU) Time Series (TS) data. The CRU TS3.1 data 
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set provides monthly climatic variables, which include precipitation, over the last century 
from 1901 to 2009 at half-degree spatial resolution with global coverage (Mitchell and 
Jones, 2005). We used the precipitation data from January 1981 to December 2009 to 
assess the inter-annual variation of water availability over the arctic-boreal region. 
2.2.3 Land cover data 
The latest version of the MODIS International Geosphere Biosphere Program 
(IGBP) land cover map (Friedl et al., 2010) and the Circumpolar Arctic Vegetation Map 
(CAVM) (Walker et al., 2005) were used in this chapter to identify the arctic-boreal non-
cultivated vegetation. The MODIS IGBP map was derived using spectral and temporal 
information from MODIS instruments aboard Earth Observation System (EOS) Terra and 
Aqua platforms. The CAVM map was used to identify the tundra vegetation as 
supplement to the MODIS IGBP land cover types (Figure 2.1). 
2.2.4 Freeze/thaw data 
The National Snow and Ice Data Center (NSIDC) provides daily landscape 
freeze/thaw status from January 1988 to December 2007. The data set includes daily 
morning freeze/thaw, afternoon freeze/thaw, and combined freeze/thaw status, among 
other parameters, at 25 km spatial resolution (Kim et al., 2012). We used the combined 
freeze/thaw parameter to estimate the dates of spring thaw and autumn freeze, which 
indicate the photosynthetically active period (PAP). 
 !
13 
2.3 Methods  
2.3.1 Definitions 
Arctic-boreal region: We defined the arctic region (8.16 million km2) as the 
vegetated area north of 65°N, excluding crops and forests, but including tundra south of 
65°N; the boreal region (17.86 million km2) as the vegetated area between 45°N and 
65°N, excluding crops, tundra, broadleaf forests, and grasslands south of the mixed 
forests, but including needleleaf forests north of 65oN. These definitions were 
compromise between ecological and climatological conventions. We focused only on all 
the non-cultivated vegetation within the arctic-boreal region, because the cultivated 
region was directly influenced by human agricultural activities. 
NA vs. EA: The arctic-boreal region spreads over two continents: North America 
and Eurasia. Over North America, arctic vegetation covers an area of 3.39 million km2 
and boreal vegetation covers an area of 6.88 million km2. Over Eurasia, arctic vegetation 
covers an area of 4.77 million km2 and boreal vegetation covers an area of 11.20 million 
km2. 
Photosynthetically Active Period (PAP): The period between the dates of spring 
thaw and autumn freeze represents the photosynthetically active period (PAP; Kim et al., 
2012; McDonald et al., 2004). We used the combined freeze/thaw parameter of the daily 
freeze/thaw data provided by NSIDC to define the spring thaw date and autumn freeze 
date for each pixel (p) and year (y). The spring thaw date, !! !,! !was the date 
corresponding to the 8th day of the first 15-day period in a given year with thawed ground 
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(morning and afternoon thawed) for at least 12 days, and similarly, the autumn freeze 
date !! !,! ! was the date corresponding to the 8th day of the last 15-day period in a 
given year with thawed ground (morning and afternoon thawed) for at least 12 days. We 
averaged the spring thaw dates !! !,!  as well as the autumn freeze dates !! !,!  over 
the 20-year period (from 1988 to 2007) because the freeze/thaw data covered a shorter 
period than the NDVI data (1981 to 2011).  
PAP mean NDVI (!!"!): The evergreen vegetation in high latitudes has positive 
NDVI values although there is no photosynthetic activity due to frozen soils and cold air. 
So, only NDVI values during the PAP are indicative of vegetation photosynthetic activity. 
We use the average NDVI during PAP to indicate the growing season photosynthetic 
activity. Because of the differences in temporal and spatial resolutions of the NDVI3g 
and freeze/thaw data sets, we interpolated the bi-weekly NDVI data to daily temporal 
resolution using linear interpolation, and resampled spring thaw and autumn freeze date 
grids from 25 km to 8 km using the nearest-neighbor resampling. In addition, we 
excluded pixels that had more than 20% of NDVI values less than 0.1 during PAP, 
because NDVI values less than 0.1 were not representative of vegetation photosynthetic 
activities. 
May-to-Sep mean temperature (!!"): PAP mean temperature could not be 
accurately evaluated because of the even coarser temporal resolution of temperature data 
(monthly) than the NDVI data set. Therefore, May-to-Sep (May-to-September) mean 
temperature was used as a close analogue to PAP mean temperature. We used May-to-
Sep mean temperature instead of annual mean temperature because photosynthetic 
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activity occurs only during the growing season when temperature is above a given 
threshold (e.g. above 0°C; Kim et al., 2012).  
Annual total precipitation (!!"): Precipitation variation affects vegetation by 
modifying the soil moisture availability, so both summer and winter precipitation 
contributes to the vegetation growth (Bulygina et al., 2011; Sturm et al., 2005). We used 
annual total precipitation by summing up the all-year-round monthly precipitation. 
2.3.2 Trend estimation 
Statistical models that assume stationary errors such as ordinary least square 
linear trend estimation will result in spurious significance if the time series has a unit root 
(Dickey and Fuller, 1979). In addition, statistical methods that deal with non-stationary 
errors often suffer from low power, and are further affected by parameter selections 
(Vogelsang, 1998). So we used a robust general model for trend estimation proposed by 
Vogelsang (Vogelsang, 1998; Fomby and Vogelsang, 2002), which requires no apriori 
knowledge as to whether the time series is stationary or not, and avoids the estimation of 
autocorrelation parameters. The Vogelsang model has also been used for trend estimation 
in previous studies (e.g. Beck et al., 2011; Goetz et al., 2005; Bunn and Goetz, 2006; Xu 
et al., 2013). 
By forming partial sums of the time series, the simple linear trend can be 
transformed to 
!! = !" + ! 12 !! + ! + !! ((2.1) 
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where !! = !!!!!!  and !! = !!!!!! . The Ordinary Least Squares (OLS) estimate of ! in 
this equation is the linear trend estimation. We evaluated the significance of ! using the ! − !!! test (Vogelsang, 1998; Fomby and Vogelsang, 2002), which is robust even when 
the error is stationary, when there is high autocorrelation, or when there is a unit root in 
the errors. In addition, it has high power for finite sample-size tests, and avoids the 
selection of parameters such as autocorrelation lag lengths, which is required by some 
models for dealing with non-stationary errors. 
2.3.3 Latitudinal profile 
We calculated the latitudinal mean values of TMS and PAT over each one-degree 
latitudinal band of the arctic-boreal region for NA, EA, and CP respectively (Figure 2.1). 
Generally, lower latitudes have higher May-to-September mean temperature, and larger 
annual total precipitation (Figure 2.2).  
2.3.4 Velocity of climate change 
Climate change is traditionally perceived as temporal change, but it can also be 
perceived as spatial movements of climates. We calculated the velocity of climate 
movements following the methods described in (Burrows et al., 2011). The velocity of 
climate movements translates the temporal changes of climate into spatial movements of 
climate. For example, the southern latitudes generally have higher temperatures than the 
northern latitudes, so the warming of climate means the temperature spatial pattern is 
moving northward. 
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According to (Burrows et al., 2011), the velocity of climate change along any 
direction is defined as: 
!! = !!!"!"#$ + !!"!"#$ ((2.2)  
 
where !! is the magnitude of velocity of a given climate parameter (e.g. temperature, 
precipitation, etc.) along the direction !, with 0° pointing to north, 90° to east, 180° to 
south, and 270° to west. ! is the Vogelsang’s temporal trend estimation of each variable 
(e.g. temperature, precipitation, etc.). !!" is the north-south direction spatial gradient, and !!" is the east-west direction spatial gradient, both of which were derived from the 
baseline period’s average (1982-1986). We defined the velocity of climate change along 
the north-south direction as in Equation (2.3), such that positive velocity points 
northward: 
!! = −!!!" ((2.3) 
 
where !! is the climate velocity, !!" is the north-south spatial gradient of climate 
variable, and ! is the Vogelsang temporal trend estimation. 
For the climate parameters we used (i.e. May-to-Sep mean temperature and 
annual total precipitation), both the baseline spatial gradient map and the trend estimation 
map were at half-degree spatial resolution, so the velocity of climate change maps were 
also expressed at half-degree spatial resolution.  
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2.4 Results and discussion  
We used the Photosynthetically Active Period mean NDVI (!!"!) and the May to 
September mean temperature (!!") to investigate the relationship between inter-annual 
variation of vegetation dynamics and the corresponding temperature variations (Bhatt et 
al., 2010; Kim et al., 2012). The coupling between temperature and vegetation 
photosynthetic activity can be found in the linear relationships between NPAP and TMS 
across latitudes in NA, EA, and CP for the past 30 years (Figure 2.3). The latitudinal 
relationship over CP is similar to that over EA, as the vegetated area in EA is 50% more 
than in NA. The consistent NPAP-TMS relationships across both NA and EA (hence over 
CP) from early-1980s to late-1990s indicate the stable relationship between growing 
season vegetation photosynthetic activity and corresponding temperature. 
We could estimate the latitudinal !!"! using the latitudinal !!" and the simple 
regression relationships between !!"! and !!" from early-1980s to late-1990s (Figure 
2.3). The PAP mean NDVI over high latitudes of NA was exceptionally higher in late-
2000s than in 1980s and 1990s, but the PAP mean NDVI over low latitudes of NA was 
not exceptionally higher than before. This resulted in the changed regression relationship 
between growing season temperature and PAP mean NDVI (Figure 2.3a), which might be 
caused by expansion of shrubs in arctic North America (Sturm et al., 2005; Tape et al., 
2006). The regression slope over NA in late-2000s (0.004) is about 2/3 times smaller than 
the slopes in early-1980s and late-1990s (0.014). If this relationship continues in NA, like 
the relationship in late-1990s resembled the relationship in early-1980s, the same amount 
of warming would cause 2/3 less “greening” in future than in the last twenty years of 20th 
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century. The loosened regression relationship between temperature and vegetation growth 
in NA also means that temperature might no longer be the dominant climate parameter 
affecting vegetation growth in NA, especially in arctic NA. 
2.4.1 Spatial analysis of long-term trend  
Both NA and EA experienced more greening (increase in !!"!) than browning 
(decrease in !!"!) from 1982 to 2011 based on the pixel-wise !!"! trend estimation 
using the Vogelsang trend estimation method (section 2.3.2; Figure 2.4, Table 2.1, Table 
2.2). The browning fractions in arctic and boreal regions over NA, EA, and CP were all 
below 10%. In EA, the greening area is about 45 times more than the browning area; in 
NA, the greening area is about 2 times larger than the browning area. The absolute 
greening area in EA is 2.6 times larger than the absolute greening area in NA, but the 
area of EA is 50% larger than the area of NA. So we also compared the greening 
fractions: over the arctic region, the greening fractions are comparable between NA and 
EA; over the boreal region, the fraction of greening in EA is 2 times larger than that in 
NA (Table 2.2).  
Forests and other natural vegetation have different biological structures, so we 
also compared the vegetation dynamics between forests (which have at least 30% woody 
fraction) and other natural vegetation. Over the NA boreal region, forests and other 
natural vegetation have similar fractions of greening (14~16%). Over EA boreal region, 
70% of forests and 44% of other natural vegetation show greening (Table 2.3). In other 
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words, Eurasian boreal forests experienced much more greening than the North American 
boreal forests in the 30-year period.  
The vegetation greenness changes (Figure 2.4) are consistent with earlier studies 
reporting continued northern high latitudes greening in NA and EA (Zhou et al., 2001; 
Bhatt et al., 2010; Bogaert et al., 2002; Beck and Goetz, 2011; Goetz et al., 20005; Sturm 
et al., 2001; Xu et al., 2013). However, our study using GIMMS NDVI3g, wich have 
improved data quality (Pinzon et al., 2012; Xu et al., 2013), did not show the previously 
reported boreal browning in NA (Beck and Goetz, 2011). Boreal NA experienced more 
browning than boreal EA, which might be due to the more extensive cooling in boreal 
NA than in boreal EA (14.5% vs. 2.0%), because the precipitation changes in the arctic 
and boreal regions of NA and EA were similar: in the arctic region of both NA and EA, 
~70% show precipitation increase, ~30% show precipitation decrease; in the boreal 
region, ~60% show precipitation increase, ~40% show precipitation decrease (Table 2.4).  
Figure 2.3 shows that PAP mean NDVI and May-to-Sep temperature increased at 
the same pace over northern high latitudes in the 1980s and 1990s, but these synchronous 
increase disappeared in NA in the 2000s. We investigated the reason for this change in 
NA happened in the 2000s in the following two subsections. 
2.4.2 Analysis of latitudinal profiles of temperature and precipitation  
The distribution of various ecosystem types is related to the corresponding 
climate systems. For example, there are more tundra areas in North America than in 
Eurasia, and tundra in North America even distribute to the south of 65°N (Walker et al., 
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2005); most of deciduous needleleaf forests are distributed in Eurasia (Friedl et al., 2010). 
With the rapid climate changes in recent decades, vegetation changes tend to keep in pace 
with the shifting climate for survival (Pearson, 2006). Among all the climatic variables, 
temperature is the most important variable in determining the dynamics of vegetation 
(Burrows et al., 2011; Ackerly et al., 2010; Loarie et al., 2009). Ground surveys also 
showed that vegetation had an upward shift in mountainous areas (Kelly and Goulden, 
2008; Lenoir et al., 2008) and a northward shift in tundra areas (Chapin et al., 2005; Tape 
et al., 2006; Walker et al., 2006; Blok et al., 2011; Myers-Smith et al., 2011) due to the 
temperature increase. 
During the baseline period (1982 to 1986), although the absolute growing season 
temperature (!!") were 1~2 degrees higher in EA than in NA between latitudes 55°N and 
70°N, the !!" latitudinal gradients in NA and EA are similar—0.5 K decrease per 
latitude increase (Table 2.5). The latitudinal gradients of precipitation (PAT) are more than 
twice as large in NA as in EA (35 mm per degree in NA vs. 15 mm per degree in EA; 
Table 2.5). So the northward movement of vegetation might require greater precipitation 
increase in NA than in EA during the 30-year period, because the northward movement 
of the climate, which includes both temperature and precipitation, would require greater 
precipitation increase in NA than in EA due to the larger precipitation latitudinal 
gradients in NA than in EA.  
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2.4.3 Velocity of climate  
We defined the velocity of climate as the ratio of temporal trend to latitudinal 
gradient of a climatic variable (e.g. TMS, PAT, etc.; section 2.3.4; Loarie et al., 2009; 
Burrows et al., 2011), and analyzed both temperature (!!") and precipitation (!!") 
velocities along the north-south direction for two time spans—the 18-year period from 
1982 to 1999, and the entire 30-year period from 1982 to 2011 (from 1982 to 2009 for 
precipitation). Our hypothesis is that the matching of the velocities of northward 
movements of temperature and precipitation is very important to make the northern 
environment suitable for the “greener” southern vegetation to live in. For example, shrubs 
and trees, which are abundant in the southern part of the study region, require more water 
than tundra, which reside in the northern part of the study region, because the 
evapotranspiration capabilities of shrubs and trees are stronger than that of tundra.  
For the period between 1982 and 1999, both NA and EA experienced northward 
movements of temperature, especially NA (Figure 2.5a), while precipitation did not move 
northward in NA as much as in EA (Figure 2.5c). Although precipitation did not move 
northward in the same pace as temperature in NA, PAP mean NDVI and growing season 
temperature were coupled in both NA and EA, which means that during this period, 
temperature plays a major role in determining vegetation dynamics in northern high 
latitudes, although precipitation did not move northwards to help maintain vegetation 
green-up as our hypothesis would expect. 
The estimates of northward movements of climate variables (temperature and 
precipitation) are more reliable over the 30-year period (from 1982 to 2011) than over the 
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18-year period, because the time series is longer. NA and EA experienced generally 
northward movements of temperature and precipitation (Figure 2.5b and 2.5d). The 
northward movement of precipitation was much slower than that of temperature in NA, 
especially in arctic NA. In arctic NA, 17% of vegetation experienced fast 
(>100km/decade) northward movement of temperature; and only 4% experienced fast 
(>100km/decade) northward movement of precipitation (Table 2.6). In other words, the 
precipitation northward movement did not match with the temperature northward 
movement, which would decrease the speed of vegetation green-up if our hypothesis was 
correct. And actually the arctic NA green-up during the 30-year period mostly happened 
in the end of 20th century, because the amount of vegetation green-up per unit amount of 
warming has decreased since the beginning of 21st century (Figure 2.3d). So our 
hypothesis is correct— the amount of vegetation green-up per unit amount of warming 
decreased due to the unmatched northward movements of temperature and precipitation 
patterns. 
The actual vegetation migration rates also depend on other factors such as land 
cover types (Pearson, 2006) as well as sizes and distributions of natural habitats 
(Damschen et al., 2006) other than just temperature and precipitation. Nevertheless, the 
inconsistent velocities of northward movements of temperature and precipitation in arctic 
NA are creating new climate status, leading to less amount of vegetation green-up per 
unit amount of warming (Sturm et al., 2005; Tape et al., 2006). 
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2.5 Conclusion  
The arctic-boreal vegetation of North America and Eurasia displayed divergent 
dynamics over the past 30 years from 1982 to 2011. We found substantial greening in 
Eurasia (46% of arctic-boreal Eurasia showed greening) and a larger fraction of browning 
in boreal North America (8%) than in boreal Eurasia (0.4%) using the the GIMMS 
NDVI3g dataset. We used the concept of velocity of northward movement of climate (i.e. 
temperature and precipitation) to investigate reason for the divergence of arctic-boreal 
vegetation changes between North America and Eurasia. Eurasia had comparable 
temperature and precipitation northward movement velocities; but in North America, 
especially in arctic North America, the northward movement of precipitation was much 
slower than that of temperature. The unmatched northward movements of precipitation to 
temperature resulted in unfavorable climates for the northward migration of southern 
vegetation, and weakened the relationship between temperature and vegetation 
photosynthetic activity in North America. If the weakened relationship continues in the 
21st century, the amount of vegetation green-up per unit amount of warming will not be 
as much as it was in the 20th century. 
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Figure 2.1 Vegetation map of the Arctic-Boreal region compiled from the Circumpolar 
Arctic Vegetation Map (CAVM) and the latest version of the MODIS IGBP land cover 
map. (a) Arctic region (8.16 million km2) is defined as the vegetated area north of 65°N, 
excluding crops and forests, but including the tundra south of 65°N. (b) Boreal region 
(17.86 million km2) is defined as the vegetated area between 45°N and 65°N, excluding 
a b
c
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crops, tundra, broadleaf forests, but including needleleaf forests north of 65°N. 
Grasslands south of the mixed forests are excluded as these are not conventionally 
considered as boreal vegetation. (c) Combined vegetation map of the arctic-boreal region. 
The 14 classes are described in Table 2.1. This arctic-boreal definition is a compromise 
between ecological and climatological conventions.  
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Figure 2.2 Latitudinal profiles of May-to-September mean temperature (TMS) and annual 
total precipitation (PAT) for the baseline period (early-1980s, 1982 to 1986) over the 
arctic-boreal region. For each one-degree latitude band, the climatic variables were 
averaged over the vegetated areas within North America (NA), Eurasia (EA), and 
circumpolar (CP) regions. 
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Figure 2.3 PAP mean NDVI (NPAP) vs. May-to-Sep mean temperature (TMS). (a) 
Relationship between NPAP and TMS averaged over three periods: early-1980s, late-1990s, 
and late-2000s in arctic-boreal North America. Each point represents one-degree 
latitudinal average. There are 18 points for the latitudes between 52°N to 70°N. (b) Same 
as (a) but in arctic-boreal Eurasia. (c) Same as (a) but in the entire circumpolar. (d) Year-
to-year variation of the slopes in the NPAP-TMS relationship from 1982 to 2011 for arctic-
boreal North America (blue) and Eurasia (red), and the dashed lines represent 95% 
confidence intervals. The periods early-1980s, late-1990s and late-2000s refer to 1982 to 
1986, 1995 to 1999, and 2006 to 2010, respectively.  
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Figure 2.4 Spatial patterns of PAP mean NDVI (NPAP) trends in the Arctic-Boreal region 
for the period between 1982 and 2011. Shown are areas with statistically significant 
(p<0.1) trends from the Vogelsang’s t-PST method (areas with statistically insignificant 
trends are shown in white color). Grey shaded areas are not in arctic-boreal region. Black 
patches indicate missing data (i.e. 20% or more of NDVI values were less than 0.1 during 
PAP).  
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Figure 2.5 Spatial patterns of velocities in the arctic-boreal region for temperature (TMS) 
during  (a) 1982 to 1999 and (b) 1982 to 2011; and for precipitation (PAT) during (c) 1982 
to 1999 and (d) 1982 to 2009. Positive values in velocity indicate northward movements, 
while negative values in velocity indicate southward movements. Grey shaded areas are 
not in the arctic-boreal region. Green patches are areas with extremely high values of 
velocity (<-500 km/decade or >500 km/decade).   
a
c d
b
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Table 2.1 Vegetation classes in the arctic-boreal region (Figure 2.1). Vegetation classes 9 
to 12 are as per the Circumpolar Arctic Vegetation Map (Walker et al., 2005). The rest of 
the vegetation classes are based on the MODIS International Geosphere Biosphere 
Program (IGBP) land cover types (Friedl et al., 2010). 
Vegetation Class Description 
Class 1 Oceans and inland lakes 
Class 2 Mixed Forests 
Class 3 Deciduous Needleleaf Forests 
Class 4 Evergreen Needleleaf Forests 
Class 5 Forest-Shrubs Ecotone  
Class 6 Closed Shrublands 
Class 7 Open Shrublands 
Class 8 Grasslands/Wetlands (North of Forests) 
Class 9 Erect Shrub Tundra  
Class 10 Prostrate Shrub Tundra  
Class 11 Graminoid Tundra  
Class 12 Wetlands  
Class 13 Other Vegetation (e.g. crops) Not Considered in this Study 
Class 14 Barren 
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Table 2.2 Changes in PAP mean NDVI (NPAP) over the arctic-boreal region for the 
period from 1982 to 2011. Greening (Browning) indicates areas showing statistically 
significant (p<0.1) increase (decrease) in NPAP based on the Vogelsang’s t-PST method. 
The spatial patterns of these results are shown in Figure 2.4.  
 Region (area in 106 
km2) 
Greening 
(%) 
Browning 
(%) 
No-Change 
(%) 
Invalid Data 
(106 km2) 
NA Arctic (3.39) 38.09 2.69 59.22 1.80 
Boreal (6.88) 16.73 8.06 75.21 0.93 
Total (10.27) 21.23 6.92 71.85 2.73 
EA Arctic (4.77) 36.40 2.92 60.68 1.93 
Boreal (11.20) 48.20 0.40 51.40 1.48 
Total (15.99) 45.52 0.98 53.50 3.42 
CP Arctic (8.16) 37.01 2.84 60.15 3.73 
Boreal (18.11) 36.26 3.31 60.43 2.42 
Total (26.27) 36.42 3.20 60.38 6.15 
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Table 2.3 Comparison of changes in PAP mean NDVI  (NPAP) between boreal forests 
with woody fraction greater than 30% and other natural vegetation. Abbreviation “G” in 
the table refers to areas showing statistically significant (p<0.1) increase in NPAP 
(Greening), “B” refers to areas showing statistically significant (p<0.1) decrease in NPAP 
(Browning), and “N” refers to areas showing no statistically significant changes in NPAP 
(No-change). Statistical significance was assessed using the Vogelsang’s t-PST method. 
Boreal forests include evergreen and deciduous needleaf forests and mixed forests. Other 
natural vegetation include broadleaf forests, closed and open shrublands, woody 
grasslands, and Grasslands. The greening, browning and no-change fractions are with 
respect to areas of North America (NA), Eurasia (EA), and circumpolar (CP) regions. 
Boreal forest entries in parenthesis are proportions with respect to total area of Boreal 
forests in NA, EA and CP, respectively. 
Region 
(area in  
106 km2) 
Forests Woody 
Fraction>30% Other Natural Vegetation 
Forests Woody 
Fraction>30% Other Natural Vegetation 
G(%) B(%) N(%) G(%) B(%) N(%) G(%) B(%) N(%) G(%) B(%) N(%) 
 NORTH AMERICA EURASIA 
Arctic 
NA=3.39 
EA=4.77 
N/A N/A N/A 38.09 2.69 59.22 N/A N/A N/A 36.40 2.92 60.68 
Boreal 
NA=6.88 
EA=11.2 
1.08 
(13.93) 
0.64 
(8.22) 
6.04 
(77.85) 15.65 7.42 69.18 
4.39 
(77.44) 
0.00 
(0.03) 
1.28 
(22.53) 43.80 0.41 50.12 
Total 
NA=10.27 
EA=15.99 
1.84 
(21.68) 
0.55 
(6.44) 
6.09 
(71.87) 19.40 6.38 65.75 
3.50 
(74.12) 
0.00 
(0.03) 
1.22 
(25.85) 42.03 0.97 52.28 
 CIRCUMPOLAR  
Arctic 
CP=8.16 N/A N/A N/A 37.01 2.84 60.15       
Boreal 
CP=18.11 
3.13 
(48.52) 
0.24 
(3.76) 
3.08 
(47.72) 33.12 3.07 57.35       
Total 
CP=26.27 
2.87 
(46.93) 
0.21 
(3.36) 
3.05 
(49.72) 33.55 3.00 57.33       
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Table 2.4 Changes in May-to-Sep mean temperature (TMS) and annual total precipitation 
(PAT) over the arctic-boreal region in the 30-year period. Increase and decrease in the 
trend estimations of TMS and PAT are calculated from the Vogelsang’s trend estimation 
method. The fractions are with respect to arctic, boreal, and total areas in North America 
(NA), Eurasia (EA) and circumpolar (CP) regions. Statistical significance was not 
assessed in this table. 
Region 
Temperature Precipitation 
Increase (%) Decrease (%) Increase (%) Decrease (%) 
NA Arctic 84.44 15.56 71.15 28.85 
Boreal 85.79 14.21 63.65 36.35 
Total 85.50 14.50 65.28 34.72 
EA Arctic 98.14 1.86 73.97 26.03 
Boreal 97.94 2.06 64.47 35.53 
Total 97.98 2.01 66.76 33.24 
CP Arctic 93.23 6.77 72.96 27.04 
Boreal 93.33 6.67 64.15 35.85 
Total 93.31 6.69 66.19 33.81 
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Table 2.5 Statistics of the temperature and precipitation latitudinal profiles in early-
1980s. Slope is defined as the change of temperature (K) or precipitation (mm) per 
degree latitude northward. 
 
North America Eurasia Circumpolar 
Temp. 
(K) 
Precip. 
(mm) 
Temp. 
(K) 
Precip. 
(mm) 
Temp. 
(K) 
Precip. 
(mm) 
Slope -0.53 -35.0 -0.47 -14.5 -0.48 -23.1 
Confidence 
Interval 
-0.59 
-0.47 
-38.7 
-31.3 
-0.55 
-0.39 
-16.6 
-12.3 
-0.55 
-0.42 
-24.1 
-22.0 
R2 0.94 0.94 0.87 0.90 0.90 0.99 
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Table 2.6 Spatial fractions with corresponding temperature northward movement 
velocities. Numbers in the table indicates the fractions of area that are within a certain 
range of velocity values (<-200 km/decade, <-100 km/decade, <0 km/decade, >0 
km/decade, >100 km/decade or >200 km/decade) with respect to the arctic, boreal and 
total areas in North America (NA), Eurasia (EA) and the entire circumpolar (CP) regions 
for two time periods. Positive values in velocity indicate northward movements, while 
negative values in velocity indicate southward movements. 
 
Region  
(area in 106 
km2) 
Area fractions with corresponding temperature velocity 
(km/decade) 
<-200 <-100 <0 >0 >100 >200 
1982 – 1999 
NA Arctic (1.49) 2.60 6.19 17.84 82.16 39.03 12.33 
Boreal (5.40) 4.25 9.84 30.24 69.76 25.72 8.73 
Total (6.89) 3.90 9.06 27.59 72.41 28.57 9.50 
EA Arctic (2.51) 3.79 10.30 43.29 56.71 9.48 3.07 
Boreal (8.12) 3.78 9.12 41.72 58.28 12.23 4.94 
Total (10.63) 3.78 9.40 42.09 57.91 11.57 4.49 
CP Arctic (3.99) 3.38 8.90 34.61 65.39 19.56 6.23 
Boreal (13.52) 3.96 9.39 37.40 62.60 17.30 6.36 
Total (17.52) 3.83 9.28 36.76 63.24 17.82 6.33 
1982 – 2011 
NA Arctic (1.49) 2.09 5.44 23.99 76.01 16.60 7.63 
Boreal (5.40) 2.63 7.12 33.89 66.11 9.61 3.75 
Total (6.89) 2.52 6.78 31.89 68.11 11.02 4.53 
EA Arctic (2.51) 3.47 7.63 18.45 81.55 16.99 5.29 
Boreal (8.12) 3.96 8.69 29.18 70.81 17.49 6.00 
Total (10.63) 3.85 8.45 26.78 73.21 17.38 5.84 
CP Arctic (3.99) 2.99 6.86 20.40 79.60 16.86 6.11 
Boreal (13.52) 3.45 8.09 30.98 69.02 14.48 5.14 
Total (17.52) 3.35 7.83 28.70 71.30 14.99 5.35 
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Table 2.7 Same as Table 2.6 but for precipitation velocities. 
 
Region  
(area in 106 
km2) 
Area fractions with corresponding temperature velocity 
(km/decade) 
<-200 <-100 <0 >0 >100 >200 
1982 – 1999 
NA Arctic (1.49) 2.95 8.47 69.70 30.30 3.30 1.79 
Boreal (5.40) 3.17 8.81 53.68 46.32 7.42 2.51 
Total (6.89) 3.13 8.74 57.11 42.89 6.54 2.35 
EA Arctic (2.51) 3.70 6.28 26.91 73.09 30.28 13.70 
Boreal (8.12) 6.64 15.73 40.57 59.43 22.64 10.75 
Total (10.63) 5.94 13.47 37.30 62.70 24.47 11.46 
CP Arctic (3.99) 3.42 7.10 42.91 57.09 20.19 9.25 
Boreal (13.52) 5.22 12.91 45.93 54.07 16.42 7.38 
Total (17.52) 4.81 11.57 45.24 54.76 17.29 7.81 
1982 – 2009 
NA Arctic (1.49) 0.93 2.29 35.08 64.92 4.14 1.20 
Boreal (5.40) 2.33 5.95 38.71 61.29 10.04 2.88 
Total (6.89) 2.03 5.16 37.93 62.07 8.76 2.52 
EA Arctic (2.51) 3.22 5.82 32.03 67.97 16.60 7.08 
Boreal (8.12) 4.59 9.68 38.63 61.37 19.01 7.57 
Total (10.63) 4.27 8.77 37.07 62.93 18.44 7.46 
CP Arctic (3.99) 2.36 4.51 33.17 66.83 11.96 4.89 
Boreal (13.52) 3.69 8.19 38.66 61.34 15.42 5.70 
Total (17.52) 3.39 7.35 37.41 62.59 14.63 5.52 
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Chapter 3 
Sunlight Mediated Seasonality in Canopy Structure and Photosynthetic Activity of 
Amazonian Rainforests 
3.1 Introduction 
Understanding the seasonal variation in functioning of rainforests and its controls 
are requisite for understanding how rainforests will respond to climate change. In situ 
studies report counter-intuitive seasonal variation in intact wet equatorial Amazonian 
rainforests—higher photosynthetic and evapotranspiration rates and increased litterfall 
and leaf flushing during the sunlight-rich dry season (Saleska et al., 2003; da Rocha et al., 
2004; Goulden et al., 2004; Rice et al., 2004; Hasler and Avissar, 2007; Hutyra et al., 
2007; Negron Juarez et al., 2009; Costa et al., 2010; Jones et al., 2014). Water limitation 
during the dry season is alleviated in these forests through deep roots and hydraulic 
redistribution (Nepstad et al., 1994; Oliveira et al., 2005). Satellite data, which cover a 
large area and span a long time period, support findings of in situ studies—higher 
radiometric greenness level and green leaf area during the dry season compared to the 
wet season (Xiao et al., 2005; Huete et al., 2006; Myneni et al., 2007; Samanta et al., 
2012). This convergent view of seasonality, parsed from several studies, shows how 
sunlight interacts with adaptive mechanisms to result in higher rates of leaf flushing, 
litterfall, photosynthesis and evapotranspiration during the light-rich dry season 
(Restrepo-Coupe et al., 2013). 
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This community-consensual view, built from multiple studies, that undisturbed 
wet equatorial Amazonian rainforests display a distinct sunlight driven seasonality in the 
absence of water limitation was contested in recent studies (Galvão et al. 2011; Morton et 
al., 2014). The studies claim the dry season greening inferred from satellite data resulted 
from an artificial increase in forest canopy reflectance at near-infra red (NIR) 
wavelengths caused by variations in sun-satellite sensor geometry. The analysis of 
satellite-borne lidar data in the latter study suggested that these forests exhibited no 
seasonal variations in canopy structure or leaf area. Relying on the prognostications of a 
model to guide and imbue a physical meaning to the satellite data analysis, the studies 
conclude that Amazon rainforests maintain consistent structure and greenness during the 
dry season. 
Therefore, we re-examine comprehensively several years of data from three 
sensors on two satellites obtained under a range of sun positions and satellite 
measurement geometries with the goal of assessing seasonality in undisturbed wet 
equatorial Amazonian rainforests. Our analysis is guided by the theory of radiative 
transfer in vegetation canopies—the fundamental theory that explains from first 
principles the mechanisms underlying the signals generated by the canopy and measured 
by a remote sensor (Knyazikhin et al., 2005). 
This study is focused on undisturbed rainforests in central Amazonia (Figure 3.1). 
The period June to May is treated as one seasonal cycle as per convention (Huete et al., 
2006; Morton et al., 2014). It consists of a short dry season, June to October, and a long 
wet season thereafter. The following analysis of satellite borne sensor data addresses the 
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question at the center of current debate—did previous studies (Xiao et al., 2005; Huete et 
al., 2006; Myneni et al., 2007; Brando et al., 2010; Samanta et al., 2012) misinterpret 
changes in near-infrared (NIR) reflectance caused by seasonal changes in sun-satellite 
sensor geometry (Figures 3.4 and 3.5) as seasonal variations in rainforest canopy 
structure and greenness (Galvão et al., 2011; Morton et al., 2014)?  
3.2 Study region 
This study is focused on a 1200×1200 km2 region in central Amazonia (MODIS 
tile “h11v09”; 0° to 10°S and 60°W to 70°W; Figure 3.1a). About 95% of this region is 
covered with rainforests. The average annual rainfall varies from about 1800 mm in the 
south to about 3700 mm in the northwest (Figure 3.1b). The number of dry months, 
generally defined as months with rainfall less than 100 mm, varies from about 4 in the 
south to less than 2 in the northwest. For comparison purposes (Morton et al., 2014), the 
dry season is defined as June to October (137 mm/month) and the wet season as 
November to May (276 mm/month). This is one of two tiles studied by (Morton et al. 
2014). Expanding the area to match that study did not alter our results and conclusions. 
Terra MODIS and MISR data analyzed in this study consisted of seven seasonal 
cycles (June to May), while the Aqua MODIS data consisted of four cycles, as in 
(Morton et al. 2014). Forest pixels with valid Enhanced Vegetation Index (EVI) data are 
classified as greening pixels during a seasonal cycle if the average EVI value during the 
month of October is greater than the average EVI value during the month of June. Here, 
EVI refers to Terra MODIS Collection 5 EVI data. The MODIS and MISR analyses in 
 !
41 
this study are focused on these “greening pixels” because we wish to address this key 
question: is the dry season greening purely an artefact of variations in sun-sensor 
geometry (Galvão et al., 2011; Morton et al., 2014) or does it reflect actual changes in 
canopy after accounting for variations in sun-sensor geometry (Xiao et al., 2005; Huete et 
al., 2006; Myneni et al., 2007; Brando et al., 2010; Samanta et al., 2012)? The proportion 
of greening pixels varies from year to year. It averages ~60% of all rainforest pixels in 
the case of the Terra MODIS sensor (Table 3.1) due to strict quality filtering. Nearly 
every rainforest pixel in the study region exhibits dry season greening at least once, if not 
more, because the data are accumulated, not averaged, over multiple seasonal cycles. 
3.3 Data and methods 
3.3.1 Data 
TRMM precipitation data: Monthly precipitation data from the Tropical 
Rainfall Measuring Mission (TRMM) at quarter degree spatial resolution for the period 
January 1998 to December 2012 (TRMM product 3B43, Version 7) are used in this study 
(WWW-TRMM).  
CERES surface PAR fluxes: Monthly at-surface Photosynthetically Active 
Radiation (PAR, 400-700 nm; the sum of “Computed PAR Surface Flux Direct—All-sky” 
and “Computed PAR Surface Flux Diffuse—All-sky”) data at 1°×1° spatial resolution 
from June 2000 to May 2008 are used in this study (WWW-CERES).  
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CRU temperature data: The latest version of the 0.5° temperature data set 
produced by the Climatic Research Unit (CRU; University of East Anglia; CRU TS3.21) 
is used in this study (WWW-CRU). 
MODIS land cover: Evergreen broadleaf forests in the study region are 
identified using the Collection 5 land cover data set “MODIS Land Cover Type Yearly 
L3 Global 500 m SIN Grid” (MCD12Q1) (WWW-MCD12Q1).  
MODIS NIR reflectance and EVI: The following Collection 5 EVI data are 
used in this study: (a) Terra Moderate Resolution Imaging Spectroradiometer (MODIS) 
EVI data from June 2000 to May 2008 (WWW-MOD13A2) and (b) Aqua MODIS EVI 
data from June 2003 to May 2008 (WWW-MYD13A2). Data from June 2005 to May 
2006 are not used due to the dry season drought in 2005 (Samanta et al., 2010a). These 
data sets also include surface reflectance at the near infrared (NIR) spectral band (858 nm) 
and sun-sensor measurement geometry. The data are at a spatial resolution of 1×1 km2 
and 16-day temporal frequency. The same EVI data were used in previous studies 
(Galvão et al., 2011; Morton et al., 2014). The quality of NIR reflectance and MODIS 
EVI data in each pixel is assessed using the 16-bit quality flags (Samanta et al., 2010b; 
Xu et al., 2011). The number of pixels with valid EVI data in June, October and March 
are shown in Table 3.2. 
MODIS MAIAC EVI: EVI data from Terra (June 2000 to May 2008) and Aqua 
(June 2003 to May 2008) MODIS sensors at 1×1 km2 spatial resolution and 8-day 
temporal frequency generated with the Multi-angle Implementation of Atmospheric 
Correction (MAIAC) algorithm (Lyapustin et al., 2012) are used in this study (WWW-
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MAIAC). The MAIAC EVI data are standardized to a fixed sun-sensor geometry (nadir 
viewing direction, solar zenith angle of 45o). Thus, the MAIAC EVI data are free of sun-
sensor geometry effects.  
MODIS LAI: Collection 5 Leaf Area Index (LAI) data from Terra MODIS for 
the period June 2000 to May 2008 are used in this study (WWW-MOD15A2). Data from 
June 2005 to May 2006 are excluded from analyses of LAI seasonal changes (Figures 3.2 
and 3.3) due to the dry season drought in 2005 (Samanta et al., 2010a). The data are at 
1×1 km2 spatial resolution and 8-day temporal frequency. Valid LAI data in each 1×1 
km2 8-day pixel are identified using quality flags (Samanta et al., 2011; Poulter and 
Cramer, 2009).  
MISR Bidirectional Reflectance Factor: Land Surface Data (version 22) from 
the Terra Multiangle Imaging Spectroradiometer (MISR) for the period June 2000 to May 
2008 are used in this study (WWW-ASDC). Data from June 2005 to May 2006 are not 
used due to the dry season drought in 2005 (Samanta et al., 2010a). The data are at a 
spatial resolution of 1.1 × 1.1 km2 and include Bidirectional Reflectance Factors (BRF) at 
the nine MISR view angles (nadir, ±26.1°, ±45.6°, ±60.0° and ±70.5°) in four spectral 
bands (446, 558, 672, and 866 nm). MISR data with LandQA=0 (cloud free, aerosol 
optical depth below 0.3) are considered valid.  
3.3.2 Sun-sensor geometry 
Three angles characterize the sun-sensor geometry of a pixel (Figure 3.1c): (a) 
solar zenith angle (SZA), (b) relative azimuth angle (RAA), and (c) view zenith angle 
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(VZA). All three change during the year in the case of MODIS. The distribution of these 
angles for pixels in the study region during each of the twenty-three 16-day compositing 
periods in a year is shown in Figure 3.2 for Terra MODIS. The geometry for Aqua 
MODIS is very similar to that of Terra MODIS. The view zenith angles are fixed in the 
case of MISR. The following discussion of sun-sensor geometry is specific to this study’s 
region (Figure 3.1a). 
The geometry in terms of SZA and RAA is approximately cyclical with a period 
of six months (Figure 3.2 b and c). Terra and Aqua MODIS and Terra MISR 
measurements are made at higher SZA (~ 30o to 40o) about the solstices, June/July and 
December/January, and at lower SZA (~ 20o to 30o) about the equinoxes, 
September/October and February/March (Figure 3.2b). The progression of Terra and 
Aqua MODIS RAA during the year shows a similar cyclical behavior (Figure 3.2c). The 
measurements are made closer to the solar azimuthal plane, or the principal plane, (RAA 
~ 0° and 180°), about the equinoxes and approximately ±30° to ±45° off the orthogonal 
plane (RAA ~ 130o and 50o) about the solstices (Figure 3.2c and Figure 3.5). View zenith 
angle varies between 0° (nadir) and 60° (Figure 3.2d). The RAA of MISR sampling 
along the spacecraft flight track follows its Terra counterpart, but is shifted by about 90° 
(not shown). Half of Terra and Aqua MODIS observations about the solstices were 
collected at VZA below 15° and 20°, respectively. Around 50% of the measurements 
about the equinoxes were made at VZA below 35° (Terra) and 20° (Aqua). The MISR 
VZAs are strongly peaked as expected around their nominal values of 0.0°, ±26.1°, ±45.6°, ±60.0° and ±70.5° (Figure 3.5). 
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Choosing three 16-day composites, one each in June (Jun 25 to Jul 10), October 
(Oct 15 to 30) and March (Mar 5 to 20), is sufficient to assess whether the previously 
reported seasonality in radiometric greenness (Xiao et al., 2005; Huete et al., 2006; 
Brando et al., 2010) and leaf area (Myneni et al., 2007; Samanta et al., 2012) of 
Amazonian rainforests is an artefact of sun-sensor geometry (Galvão et al., 2011; Morton 
et al., 2014) or not. The three periods correspond to the beginning of the dry season, end 
of the dry season and mid wet season, respectively. The Terra and Aqua MODIS 
observations provide pairs of matching RAA (October vs. March), varying RAA (June vs. 
October), matching SZA (Terra and Aqua in June and March), varying SZA (October 
from Terra and Aqua) (Figure 3.5). The Terra MISR sensor samples the surface close to 
the principal plane in June and near the orthogonal plane in October and March. This 
manner of sampling is opposite to that of MODIS (Figure 3.5). The juxtaposition of 
MODIS and MISR sampling provides an interesting opportunity for assessing the 
presence or absence of seasonal variations in these rainforests. 
3.3.3 Forest reflectance 
Bidirectional Reflectance Factor (BRF): The reflected radiation field from a 
vegetation canopy illuminated by a solar beam in a coordinate system with the polar axis 
pointed to the sun is considered here. The reflected radiance is expressed relative to a 
surface perpendicular to the solar beam and depends on the phase angle, !, and azimuth, !. The phase angle is the angle between the directions to the sun and sensor (Figure 3.1c). 
The plane ! is chosen such that the phase angle varies between −(90°+ !!) and 
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+(90°− !!) where !! is the sun zenith angle. In this coordinate system the Bidirectional 
Reflectance Factor, !"#(!,!), is the ratio of radiance reflected from the vegetation 
canopy to the radiance reflected from an ideal Lambertian surface under identical 
illumination conditions. The Lambertian surface in this instance is perpendicular to the 
solar beams. For a plane given by ! and ! + 180°, the BRF is a function of SZA, phase 
angle and wavelength. Its magnitude and angular shape depends on the composition, 
density, geometric structure of the reflecting medium, in addition to the foliage optical 
properties.  
Transformation of MODIS and MISR BRF data: Let !"#!"(!!,!! ,Δ!) be the 
observed BRF at a location (!,!) on the Earth’s surface. The !"#!" is a standard product 
of MODIS and MISR sensors, which is expressed relative to a horizontal surface. The 
sun-sensor geometry is represented by the sun zenith angle, !!, and view zenith angle, !!, 
and the view azimuth !! (Figure 3.1c). First, we introduce a new coordinate system with 
the polar axis pointed to the sun. The quantities, !!" = !"#!" cos!!, represent radiances 
reflected from forests illuminated by a parallel beam of unit intensity. The radiances are 
expressed relative to the unit surface perpendicular to the solar beam and depend on the 
phase angle, !, and azimuth, !, in this system. The phase angle is the angle between 
directions to the sun and sensor, i.e., ! = acos cos!! cos!! + sin!! sin!! cos!! . 
Second, we group !!" with respect to the phase angle (Figure 3.6). This procedure 
transforms the standard BRF product into BRF expressed in terms of the phase angle, !, 
and azimuth, !. The azimuth specifies sampling plane of satellite-borne sensors. The 
MODIS instrument scans the Earth across the Terra and Aqua spacecraft flight track, 
 !
47 
which is approximately from East to West (Figure 3.6a). The MISR instrument measures 
reflected radiation along the Terra flight track, which is approximately from North to 
South (Figure 3.6b). The sampling planes are fixed for MODIS and MISR instruments. 
We assign the sign “plus” to ! if the direction to the sensor approaches the direction to 
sun from East (Terra MODIS), West (Aqua MODIS) or North (Terra MISR), and “minus” 
otherwise. The phase angle varies between −(90°+ !!) and 90°− !!. The probability 
density distribution function !(!!, !) of the phase angle is evaluated from the fraction of 
data in each group. Finally, the reflected radiances in each group are averaged. This 
methodology is applied to transform standard BRF products from Terra and Aqua 
MODIS observations (Figure 3.6a). In the case of MISR, the algorithm is applied to each 
MISR camera to derive camera specific BRF (Figure 3.6b) and corresponding probability 
density functions. The camera specific BRFs for which |! − !| ≤ ! are used in further 
analyses. Here ! and ! denote camera specific mean and standard deviation of the phase 
angle !.  
Effect of Changing Canopy Properties on BRF: Figure 3.7 a and b illustrate the 
effect of changing canopy properties on BRF. Here, SZA is held constant. An increase in 
LAI, with leaf optical properties unchanged, increases the interception of incoming solar 
radiation by the vegetation canopy, which in turn increases the amount of reflected 
radiation. This increases the magnitude of BRF at all phase angles, i.e. a non-linear 
upward shift in the angular signature of the BRF, as shown in Figure 3.7b. The overall 
shape of the BRF remains unchanged. This is a well-known fact: the reflectance of dense 
vegetation, or a vegetation canopy with a dark background, is an increasing function of 
 !
48 
LAI (e.g. Figure 1 in (Huang et al. 2008)). Changes in leaf optical properties either 
augment or suppress the LAI effect on the reflectance factor (Samanta et al., 2012). Thus, 
changing canopy properties and holding SZA constant changes the magnitude of the BRF 
but not the overall shape of the signature. This explains the observed BRF changes in 
Figure 3.4 a and b.  
Effect of Changing SZA on BRF: Figure 3.7 c and d illustrate the effect of 
changing SZA on BRF. Here, canopy properties are held constant. The cumulative 
contribution of within-canopy sources generated by single- and multiple-scattered 
photons to canopy-exiting radiation along a given direction increases with photon path 
length, !, as ~(1− exp(−!")), where ! is the distance between sources within the 
canopy and the upper boundary of the canopy and ! is the extinction coefficient.  An 
increase in SZA results in longer photon path lengths for positive phase angles (Figure 
3.7c). The opposite is true for negative phase angles. Increasing SZA with constant 
canopy therefore results in an asymmetric transformation of the BRF signature, that is, 
enhanced values for positive phase angles and depressed values for negative phase angles 
(Figure 3.7d). It also decreases the range of BRF variation at positive phase angles and a 
corresponding increase in the range of BRF variation at negative phase angles. Thus, both 
the shape and magnitude of the BRF signature are changed. The asymmetric 
transformation also causes the two BRF signatures to intersect, as illustrated in Figure 
3.7d. The phase angle at which the two signatures intersect can be calculated using the 
principle of directional reciprocity. 
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It is important to note that the path L varies with SZA as ~1/ cos(!"#). It means 
that effect of changing SZA on the BRF’s angular shape is weak at low SZA. For 
example, a change in SZA from 20° to 30° involves a change in L from ~1.06 to ~1.15. 
The impact, however, increases with SZA. This explains why SZA variation has no 
discernable impact on the angular signatures of reflectances in Figure 3.4 a and b. 
Effect of Changing Canopy Properties and SZA on BRF: Figure 3.7 E and F 
illustrate the effect of changing both canopy properties and SZA on BRF. Changing 
canopy properties but holding SZA constant changes the magnitude of BRF but retains its 
overall angular shape. Changing SZA but holding canopy properties invariant changes 
the magnitude of BRF differently for positive and negative phase angles, thus changing 
the shape of the BRF as well. Changing canopy properties and SZA simultaneously 
combines these two effects, i.e. the BRF is transformed asymmetrically and shifted in 
magnitude. For example, decreasing SZA depresses the BRF at positive phase angles and 
enhances the same at negative phase angles—transformation of the green colored BRF 
signature to dashed-blue color signature in Figure 3.7F. Increasing canopy properties, say 
LAI and/or foliage optical properties, shifts the overall BRF signature up in magnitude—
transformation of the dashed-blue color signature to solid-blue color signature in Figure 
3.7F. This explains the BRF signature changes in Figure 3.4 c and d. Importantly, it 
follows from this argumentation that higher or equal values of BRF at lower SZA relative 
to BRFs at higher SZA always indicate a change in canopy properties. 
Proof of dry season changes from the directional reciprocity principle: The 
optical reciprocity theorem (Davis and Knyazikhin, 2005) provides a proof relevant to 
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our study. It states that switching detector and source and inverting the directions of 
propagation yield the same result for BRF. It follows from the theorem that the BRFs of a 
canopy, or two similar canopies, corresponding to different sun positions, say Ω! and Ω!, 
necessarily intersect at !! = − acos(Ω! ∙ Ω!). Indeed, the BRF in direction Ω! due to a 
mono-directional solar beam in direction −Ω! is related to the BRF in direction Ω! due to 
a mono-directional solar beam in direction −Ω! as !"# −Ω!,+! = !"# −Ω!,−! . If !"#(−Ω!, !) is symmetric at !! = acos(Ω! ∙ Ω!) (e.g., as in October), the BRFs should 
intersect at !! = −acos(Ω! ∙ Ω!). Changing canopy properties with illumination 
conditions unchanged results in an upward or downward shift in the angular signature of 
the BRF. This causes the intersection point to deviate from !!, indicating a difference in 
canopy properties. The deviation of the intersection point around −5.5° from !! =−37.1° shown in Figure3.4d is significant, indicating different canopy properties in June 
and October. 
3.4 Results and discussion 
3.4.1 Leaf area index seasonality 
The seasonal cycle of green leaf area inferred from satellite data (Figure 3.2a) 
exhibits rising values during the dry season (June to October), high values during the 
early part of the wet season (November to February) and decreasing values thereafter 
(March to May). This seasonal variation of about 20% is imposed on a base value of Leaf 
Area Index (LAI, one-sided green leaf area per unit ground area) of about 5.75, is greater 
than the uncertainty of the LAI product (0.66 LAI) and is observed in nearly 70% of the 
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rainforests in the study domain (Figure 3.8a); the rest lacked valid data. Is this seasonal 
variation real or a misinterpretation of changes in satellite-sensor measurements caused 
by seasonal changes in sun position in the sky and the manner in which the sensor 
measures reflected radiation (“sun-sensor geometry”)? The answer requires an 
understanding of how this geometry changes during the seasonal cycle, which is 
described in section 3.3.2. 
The seasonal cycle of leaf area in Figure 3.2a can not be an artefact of seasonal 
changes in sun-sensor geometry because the algorithm with which leaf area is derived 
explicitly accounts for geometry changes, i.e. the algorithm is capable of differentiating 
between changes in measurements caused by leaf area changes and those caused by 
geometry changes (Knyazikhin et al., 1999, Knyazikhin et al., 1998). This is also evident 
from the fact that the seasonal cycle of leaf area does not track the seasonal course of 
either the sun position in the sky (Figure 3.2b) or the MODIS sensor sampling (Figure 3.2 
c and d). Instead, it tracks independently obtained observations of seasonal variation of 
sunlight (Figure 3.2a). This behavior is concordant with the idea that sunlight acts a 
proximate cue for leaf production in moist tropical forests if water limitation is absent 
(Wright & Van Schaik, 1994). Thus, relatively high sunlight levels from absence of 
clouds during the dry season cause leaf area to increase, which in turn generates higher 
rates of photosynthesis (Saleska et al., 2003; Da Rocha et al., 2004; Restrepo-Coupe et 
al., 2013; Gatti et al., 2014). But, photosynthesis becomes decoupled from sunlight 
during the early to middle part of the wet season. This results in increasing rates of 
photosynthesis which are possibly sustained by still sufficiently high levels of light and 
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increasing leaf production (Restrepo-Coupe et al., 2013). All three decrease rapidly 
thereafter. A bimodal seasonal cycle of LAI reported in one instance could be site-
specific (Figure 2 in (Douthty and Goulden, 2008)) as alternate in situ evidence does not 
exist (Restrepo-Coupe et al., 2013; Xiao et al., 2005; Asner et al., 2000; Carswell et al., 
2002; Chave et al., 2010; Malhado et al., 2009; Negrón Juárez et al., 2009). 
3.4.2 Evidence for seasonality after sun-sensor geometry correction 
The Enhanced Vegetation Index (EVI) is a proven proxy for the potential 
photosynthetic carbon fixation by vegetation (Xiao et al., 2005; Huete et al., 2006; 
Brando et al., 2010). It is calculated from satellite-sensor measurements of reflected solar 
radiation at three different wavelength bands. These measurements depend on sun-sensor 
geometry, but this dependency can be eliminated by expressing the measurements in a 
fixed geometry (Morton et al., 2014, Lyapustin et al., 2012). The EVI calculated from 
MODIS sensor measurements in a fixed geometry, i.e. nadir viewing direction and 45o 
solar zenith angle, shows a distinct wet season decrease (Figure 3.3a) and dry season 
increase (Figure 3.3b). These changes are greater than a highly conservative estimate of 
measurement error in 43% of the pixels during the wet season and 31% of the pixels in 
the dry season. Here, the measurement error is expressed as the spatial standard deviation 
of the EVI data in the study domain. Analogous to EVI, pixel level estimates of green 
leaf area show a strong decrease in the wet season and increase during the dry season. 
The wet season decrease (Figure 3.3a) suggests net leaf abscission, i.e. more older leaves 
dropped than those newly flushed, and the dry season increase indicates net leaf flushing 
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(Figure 3.3b), resulting in a sunlight mediated phenological behavior (Myneni et al., 
2007). The fact that both EVI and LAI show congruent changes during the seasonal cycle 
even though the sun-sensor geometry effect is removed from measurements in different 
ways (Knyazikhin et al., 1999; Knyazikhin et al., 1998; Lyapustin et al., 2012; Hilket et 
al., 2014; Maeda et al., 2014; Saleska et al., 2015) is particularly noteworthy. Equally 
noteworthy is the fact that satellite observations from a passive microwave sensor, where 
sun-sensor geometry is an irrelevant factor, show patterns concordant with those from 
MODIS LAI and EVI observations presented here (Jones et al., 2014). 
3.4.3 Evidence for seasonality from multiple sensors and geometries 
Now we turn to satellite-sensor measurements of reflected solar radiation at the 
NIR wavelength band, which are at the heart of the controversy. These measurements are 
usually expressed as normalized quantities called reflectances (section 3.3.3). The 
geometric structure and radiation scattering properties of the rainforest canopy determine 
the magnitude and angular distribution of reflected radiation. The angular signatures of 
reflectance are therefore sources of diagnostic information about rainforest canopies. We 
first examine NIR angular signatures from the late dry season (October 15 to 30) and the 
middle part of the wet season (March 5 to 20). The Solar Zenith Angle (SZA) at the time 
when Terra (10:30 am) and Aqua (1:30 pm) satellites view the central Amazonian forests 
in March and October is between 20° and 30°. This variation minimally impacts the 
shape of angular signatures (section 3.3.3). MODIS and MISR sensors sample the 
rainforests very differently (Figure 3.5 c–F; also see Figure 3.1c). However, all the 
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sensors record a distinct decrease in reflected NIR radiation in all view directions 
between October and March with no change in the overall shape of the angular signatures 
(Figure 3.4 a and b). Such a simple change in magnitude can only result from a change in 
canopy properties—this conclusion is based on the physics of how solar radiation 
interacts with foliage in vegetation canopies (section 3.3.3; Figure 3.7 a and b). The EVI, 
although evaluated from reflectances at NIR, red and blue wavelength bands, is tightly 
linked to NIR reflectance (Samanta et al., 2012). Thus, the decrease in sun-sensor 
geometry corrected EVI (Figure 3.3a) is concordant with directly observed decreases in 
NIR angular signatures from October to March (Figure 3.4 a and b). 
We now consider NIR reflectances from early (June 25 to July 10) and late dry 
season (October 15 to 30) when both sun position in the sky and sensor sampling vary 
significantly (Figure 3.5 a−d; also see Figure 3.1c). MODIS and MISR measurements are 
made at significantly higher SZA in June (~35°− 40°) compared to October (~20°−30°). The magnitude and shape of angular signatures are impacted when both canopy 
properties and SZA vary. However, a higher or equal reflectance at lower SZA relative to 
reflectance at higher SZA always indicates an increase in leaf area and foliage scattering 
properties according to the physics of radiation interaction in vegetation (section 3.3.3, 
Figure 3.7 c−F). This is observed clearly in MISR data (Figure 3.4d) because this sensor 
views the Earth’s surface with nine cameras simultaneously, as opposed to the two 
MODIS sensors (Figure 3.4c), which are capable of only one view each (Figure 3.6). 
Further, the juxtaposition of the two angular signatures in Figure 3.4d is significantly 
different than that predicted by theory for the case of identical canopies (section 3.3.3). 
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Thus, the NIR angular signatures in Figure 3.4 c and d indicate a change in vegetation 
structure (LAI) and greenness (EVI) during the dry season. 
3.4.4 Misinterpretation of satellite data  
The wet season reduction in greenness documented here is incompatible with the 
hypothesis of invariant dry season greenness because this net loss of leaf area, without a 
corresponding net gain elsewhere during the seasonal cycle, will result in rainforests 
without leaves in a few years. If these forests somehow manage to maintain constant 
greenness during the dry season, then they must be either aseasonal or the entire seasonal 
cycle must be confined to the wet season, but this argument lacks empirical support (e.g. 
Figures 3.2 – 3.4 a). All of this makes one to wonder how some studies (Galvão et al., 
2011; Morton et al., 2014) have arrived at opposite conclusions. 
Galvão et al. (2011) and Morton et al. (2014) claim that previous studies (Xiao et 
al., 2005; Huete et al., 2006; Myneni et al., 2007; Brando et al., 2010; Samanta et al., 
2012) misinterpreted changes in near-infrared (NIR) reflectance caused by seasonal 
changes in sun-satellite sensor geometry as seasonal variations in rainforest canopy 
structure and greenness. They conclude that Amazonian rainforests maintain consistent 
structure and greenness during the dry season based on their analysis of satellite borne 
sensor data (MODIS and Lidar) and model exercises. Here we present a detailed critique 
of their analysis. 
An incomplete analysis of the seasonal cycle, i.e. one that is focused only on the 
dry season, encourages misleading interpretation of both intra- and inter-annual 
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greenness (EVI or LAI) variations as artefacts of changing sun-sensor geometry. For 
example, if the sun-sensor geometry artefact argument is valid, then the seasonal course 
of LAI from December to May should be similar to that from June to November because 
of a repeat in sun-sensor geometry (Figure 3.2 b and c), but it is not (Figure 3.2a). Also, if 
the change in MODIS sampling from the orthogonal plane in June to the principal plane 
in October (Figure 3.5 a and c) causes the rainforests to appear greener, then the change 
in MISR sampling from the principal plane in June to the orthogonal plane in October 
(Figure 3.5 b and d) should cause the rainforests to appear browner. But, greening is 
observed as well (Figure 3.6d).  
Inter-annually, the attribution of anomalous dry season greening (increase in EVI 
or LAI) in drought year 2005, vis a vis dry seasons of non-drought years, to a higher 
proportion of brighter backscattering MODIS observations is flawed because it is 
selectively based on data from the first fortnight of October. A higher fraction of 
backscattering measurements is not seen in 2005 when the analysis is focused on July to 
September period (Figure 3.8b) as in the original studies (Samanta et al., 2010a; Samanta 
et al., 2010b; Saleska et al., 2007). Moreover, if claims of geometric artefacts are true, 
higher backscatter fraction and greenness should also be seen during the more intense dry 
season drought in 2010 (Xu et al., 2011). They are not (Figure 3.8b), even in their 
selective analysis (ED-Figure 9 in (Morton et al., 2014)). 
Crucially, the misinterpretations in Morton et al. (2014) stem from reliance on 
prognostications of an untested radiative transfer model. In a critical test of how well the 
model simulates variation in sunlit and shaded proportions of the canopy, which is central 
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to arguments about geometric artefacts, the model underestimates measurements by ~45% 
(Figure 3.8c). The model is also unrealistically sensitive to litter reflectance in dense 
vegetation (Table 1 (Morton et al., 2014)), an indication of incorrect physics and/or 
modeling of foliage spatial distribution. The failure to test the model is compounded by 
an unquestioned belief in its validity, else the observed dry season greening in geometry-
corrected EVI would not have been ignored (Figure 3b and ED-Figure 7b in (Morton et 
al., 2014)). Indeed the physics of radiative transfer in dense media (§2.9 (Knyazikhin et 
al., 1999)) informs that these changes in geometry-corrected EVI (Figure 3.3; Figure 3b 
in (Morton et al., 2014) and ED-Figure 7b in (Morton et al., 2014)) correspond to large 
changes in LAI (Figure 3.2a). Thus, there is no valid statistical or theoretical basis to 
dismiss dry season increase in geometry-corrected EVI (Figure 3.3b; Figure 3b in 
(Morton et al., 2014) and ED-Figure 7b in (Morton et al., 2014)). 
In addition to the analyses presented in this chapter, three independent studies 
have rebutted Galvão et al. (2011) and Morton et al. (2014) claims with a multitude of 
satellite and in situ data (Maeda et al., 2014; Hilker et al., 2014; Jones et al., 2014). 
3.5 Conclusion 
The answer to the question at the center of debate is clear. Satellite data indicate a 
distinct sunlight-mediated seasonality in leaf area and photosynthetic carbon fixation over 
unstressed and intact rainforests in central Amazonia. This seasonal cycle is not an 
artefact of seasonal changes in sun position in the sky or how the satellite-sensor 
measures the reflected radiation field. The spatially expansive remote sensing data are 
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concordant with available in situ data (Restrepo-Coupe et al., 2013; Xiao et al., 2005; 
Asner et al., 2000; Carswell et al., 2002; Chave et al., 2010; Malhado et al., 2009; 
Negrón Juárez et al., 2009; Saleska et al., 2015). A better understanding of how the 
rainforests will respond to climate change depends on future ground campaigns as 
satellite data can complement, but not substitute, field data.  
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Figure 3.1 The study domain and sun-sensor geometry. (a) The domain of MODIS and 
MISR analysis is the red square. (b) Monthly mean rainfall from TRMM. (c) Three 
angles characterize the sun-sensor measurement geometry of a pixel: (1) solar zenith 
angle, SZA=!! (!° < !! ≤ !"°), (2) view zenith angle, VZA=!! (!° ≤ !! ≤ !"°) and 
(3) view azimuth, !! (!° ≤ !! ≤ !"#°), measured relative to the principal plane. The 
angle between the projection, OP, of the direction to the sensor and X axis is the relative 
azimuth angle (RAA), i.e., RAA=!! if ! ≤ !! < !"#° and RAA=!"#°−!!, 
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otherwise. It varies between !° and !"#°. The angle between the directions to the sun 
and sensor is the phase angle, PA=!.  
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Figure 3.2 Seasonal variations in green leaf area of undisturbed central Amazonian 
rainforests. (a) Seasonal cycles of Terra MODIS leaf area index (LAI), at-surface 
photosynthetically active radiation (PAR) from CERES, and TRMM precipitation. The 
PAR polynomial regression curve excludes the circled data point. The seasonal profiles 
represent average values over pixels that exhibited dry season greening in at least 4 out of 
7 seasonal cycles analyzed (63% of all forest pixels). (b–d), Seasonal cycle of LAI, as in 
panel (a), contrasted against seasonal variations in (b) solar zenith angle, (c) sensor view 
relative azimuth angle and (d) view zenith angle.  
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Figure 3.3 Wet and dry season changes in sun-sensor geometry corrected estimates of 
leaf area and greenness. Per-pixel changes in MODIS leaf area index (LAI) and MODIS 
MAIAC enhanced vegetation index (EVI) from (a) October to March and (b) June to 
October. LAI values are normalized by 10. The changes are calculated as the difference 
between the values in March and October, and October and June, respectively. 
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Figure 3.4 Seasonal changes in angular signatures of near-infrared (NIR) reflectance 
from three satellite borne sensors. Angular signatures of NIR reflectance in March (Mar 5 
to 20), June (Jun 25 to Jul 10) and October (Oct 15 to 30). The Aqua MODIS signature 
for October is shown in panel (c) for clarity. The phase angle is the angle between the 
directions to the sun and sensor (Figure 3.1c). 
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Figure 3.5 MODIS and MISR sampling geometries. Terra and Aqua MODIS (left 
panels) and Terra MISR (right panels) sampling geometries during a 16-day compositing 
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period in the months of (a,b) June 2003, (c,d) October 2003, and (e,f) March 2003. The 
MODIS sensors sample the surface close to the orthogonal plane in June and near the 
principal plane in October and March. This sampling is opposite to that of MISR sensor. 
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Figure 3.6 MODIS and MISR reflectances in a modified coordinate system. Terra 
MODIS (a) and MISR (b) NIR BRFs during a 16-day composite in October 2003. BRF 
values are expressed in a coordinate system with the polar axis pointed to the Sun. Solid 
arrows indicate sampling direction that determines the phase angle sign (angle between 
solar and sensor view directions). 
 
  
 
 
Bidirectional Reflectance Factor, 858 nm
Terra MODIS
Oct 15 ~ Oct 30 SZA=20.8
°
0°
90°
180°
270°
0.1 0.2 0.3 0.4 0.5 0.6
E
plus!minus!
 
 
Bidirectional Reflectance Factor, 866 nm
Terra MISR
Oct 15 ~ Oct 30 SZA=20.8
°
0°
90°
180°
270°
0.1 0.2 0.3 0.4 0.5 0.6
N
plus!
minus!
 !
67 
 
Figure 3.7 Interpretation of angular signatures of reflectance. Illustration of how the 
angular signature of Bidirectional Reflectance Factors (BRF) is transformed when (a, b) 
sun-sensor geometry is held invariant but canopy properties are changed; (c, d) sun-
sensor geometry is changed but canopy properties are held invariant; (e,f) both sun-
a b 
c d 
e f 
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sensor geometry and canopy properties are changed. The dashed arrows depict direction 
of incident parallel beam of unit intensity. 
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Figure 3.8 Evidence for seasonality of leaf area, and misinterpretation of data following 
the guidance of an erroneous radiative transfer model (Morton et al., 2014). (a) Spatial 
pattern of seasonal Terra MODIS LAI amplitude expressed as the difference between the 
maximum value during September to November and the minimum value during the 
following May to June period. White pixels denote locations with LAI amplitudes less 
than |0.66|, which is the accuracy of MODIS LAI data (Yang et al., 2006). White and 
colored pixels together denote pixels that exhibited dry season greening in at least 4 out 
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of 7 seasonal cycles (63% of all forest pixels in the study region). (b) Mean Terra 
MODIS EVI over rainforests as a function of backscattering fraction evaluated from all 
16-day compositing periods in July, August and September (DOY 177 to 272). The 
backscattering fraction is defined (Morton et al., 2014) as the fraction of observations 
with view azimuth less than 90° and greater than 270°. (c) Comparison of model 
simulated EVI (obtained by digitizing Figure1c in (Morton et al., 2014)) with Terra 
MODIS EVI over Amazonian rainforests. The MODIS EVI is from a 16-day October 
composite (15th to the 30th) accumulated over 7 seasonal cycles (Section 3.3.1). The 
comparison is for phase angles in the range ±10o, that is, ±10o around the hot spot (view 
zenith angles from 10o to 30o in Figure 1c of (Morton et al., 2014)).  
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Table 3.1 Number of greening pixels (Section 3.2) from Terra and Aqua MODIS sensors.  
Year 
Terra Aqua 
Number of 
greening pixels 
As a % of 
rainforest pixels 
Number of 
greening pixels 
As a % of 
rainforest pixels 
2000 804,550 59.02 N/A N/A 
2001 723,796 53.10 N/A N/A 
2002 990,863 72.69 N/A N/A 
2003 518,857 38.06 238,998 17.53 
2004 919,820 67.48 233,140 17.10 
2005 N/A N/A N/A N/A 
2006 901,602 66.14 227,926 16.72 
2007 783,164 57.45 260,370 19.10 
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Table 3.2 Number of pixels with valid EVI and BRF data in June, October and March 
accumulated over a 7-year period (June 2000 to May 2008, excluding June 2005 to May 
2006 due to the dry season drought in 2005) from Terra MODIS and MISR sensors. The 
table also shows the same for the Aqua MODIS sensor, but accumulated over a 4-year 
period (June 2003 to May 2008 excluding June 2005 to May 2006).  
Number of Valid 
Data 
Fraction of Rainforest Pixels With Valid Data (%) 
June October March 
Terra MODIS 
One or more 96.67 94.38 70.92 
Aqua MODIS 
One or more 33.65 30.32 12.10 
Terra MISR 
One or more 48.07 25.75 15.33 
 
  
 !
73 
Chapter 4 
Amazonian Forests’ Response to Droughts: a Perspective from the MAIAC Data 
4.1 Introduction 
Amazonian forests play an important role in the earth’s climate system, through 
the exchange of energy, momentum, and mass with the atmosphere. Amazonian forests 
contain 100 billion tons of carbon in the woody biomass (Malhi et al., 2006). It was 
concerned that the Amazonian forests could degrade to savannas, releasing the stored 
carbon into the atmosphere, because of global warming (Betts et al., 2004; Cox et al., 
2000).  
Amazonian forests have two seasons: wet season and dry season. The natural 
intra-annual variation of water abundance does not cause much problem for the tropical 
rainforests because of the forests’ deep roots, which can utilize water stored in deep soils 
(Nepstad, et al., 1994). In fact, less cloud cover accompanying the dry season results in 
more sunlight reaching the canopies, which enhances the forests’ photosynthesis, 
evapotranspiration, and greenness observed by satellite sensors (Huete et al., 2006; 
Myneni et al., 2007). However, drought is about the inter-annual variation of water 
availability, and the response of Amazonian forests to droughts has been examined 
through field experiments, which showed that water stress induced by droughts could 
cause large tropical evergreen trees to die (Nepstad et al., 2007).  
There have been two severe droughts over Amazon in the last ten years: one in 
2005 (Marengo et al., 2008) and the other in 2010 (Lewis et al., 2011). It’s only possible 
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to assess the forests’ response to droughts in large scale through remote sensing. Remote 
sensing generally uses vegetation index (VI), which indicates vegetation’s photosynthetic 
activities (Myneni et al., 1995), to monitor vegetation dynamics. The most commonly 
used vegetation indices include: Normalized Difference Vegetation Index (NDVI), which 
is calculated using the near infrared and red reflectance measurements, and Enhanced 
Vegetation Index (EVI), which also uses blue reflectance in addition to near infrared and 
red reflectance (Huete et al., 2006). The remotely sensed reflectances used for monitoring 
tropical rain forests are mostly from Moderate resolution Imaging Spectra-radiometer 
(MODIS) onboard NASA’s Terra and Aqua satellites, because MODIS sensors have 
adequate spatial, temporal, and spectral resolutions, which are important for monitoring 
the dynamics of tropical forests. 
The remote sensing assessment of Amazonian forests’ response to the 2005 
drought was first documented in (Saleska et al., 2007), concluding that Amazonian 
forests were more resilient than previously thought to drought conditions, and that the 
forests’ greenness increased due to the drought. It turned out that this conclusion was 
based on atmospherically contaminated remote sensing data, and another remote sensing 
assessment, which excluded the atmospheric contamination, showed Amazonian forests 
did not green up during the 2005 drought (Samanta et al., 2010). This means moisture 
stress during droughts decreases Amazon forests’ photosynthetic activity, which is 
consistent with ground-based observations (Nepstad et al., 2007; Phillips et al., 2009). 
Xu et al. (2011), using remotely sensed vegetation index data from MODIS, showed a 
wide spread greenness decline in Amazon forests during the even more severe 2010 
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drought. Xu et al.’s research corroborated the conclusion that drought causes damage to 
the Amazonian forests. However, another report (Atkinson et al., 2011) claimed that even 
if Amazon forests decreased their photosynthetic activities during droughts, remote 
sensing couldn’t detect the forests’ response to droughts, because the remotely sensed 
greenness continuously declined after 2005 even when there was no drought, and the 
forests’ greenness observed by MODIS in drought years was not particularly different 
from that in non-drought years. In other words, Atkinson et al. (2011) argued that the 
Collection 5 MODIS vegetation index product could not represent the real inter-annual 
dry season greenness dynamics of Amazon forests, questioning the satellite remote 
sensing’s ability in monitoring Amazon forests’ response to droughts. 
To resolve this problem, we need more advanced processing of the MODIS 
remote sensing data. The Multi-angle Implementation of Atmospheric Correction 
(MAIAC) MODIS products (Lyapustin et al., 2011a; Lyapustin et al., 2011b; Lyapustin 
et al., 2012) use a more advanced atmospheric correction algorithm and provide more 
valid observations through a more accurate and less conservative cloud detection 
algorithm than Collection 5 MODIS products (Lyapustin et al., 2008; Hilker et al., 2012). 
The aim of this paper is to revisit the issue of Amazon forests’ response to droughts using 
more advanced remote sensing retrievals, and to resolve the confusions about the satellite 
remote sensing’s ability in assessing Amazon forests’ response to droughts, and provide 
better understanding of Amazonian forests’ dynamics during the beginning of 21st 
century. 
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4.2 Data 
We used MODIS Collection 5 land cover product (Friedl et al., 2010) to identify 
the distribution of Amazon forests, TRMM precipitation data (Huffman et al., 1995) from 
1998 to 2012 to assess droughts over Amazon forests, MODIS Collection 5 (Huete et al., 
2002) and MAIAC (Lyapustin et al., 2011a; Lyapustin et al., 2011b; Lyapustin et al., 
2012) vegetation index products from 2000 to 2012 to asses the dynamics of Amazon 
vegetation.  
4.2.1 Land cover 
The land cover types over Amazon were identified using the MODIS land cover 
product MCD12Q1 (Friedl et al., 2010). MCD12Q1 provides land cover classes at 500 m 
for multiple classification systems, one of which is the International Geosphere Biosphere 
Program (IGBP) classification system. We aggregated the IGBP classes into 5 classes: 
forests, savannas, other vegetation, non-vegetation, and water (Figure 4.1). Forests 
include all the forest types: Evergreen Needleleaf forest, Evergreen Broadleaf forest, 
Deciduous Needleleaf forests, and Mixed forest; savannas include Woody savannas and 
Savannas; other-vegetation class includes all the remaining vegetated classes; non-
vegetation class include: Urban and built-up, Snow and ice, and Barren or sparsely 
vegetated. The aggregated forest class indicates the distribution of Amazon forests.  
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4.2.2 Precipitation 
We used the TRMM Product 3B43 (V7) to analyze the precipitation dynamics 
over Amazon. The 3B43 algorithm merges the TRMM satellite data and the Global 
Precipitation Climatology Center (GPCC) rain gauge analysis data to provide monthly 
estimates of precipitation from 1998 onward, at quarter degree spatial resolution for the 
area between 50°N and 50°S (Huffman et al., 1995). We used the TRMM 3B43 (V7) 
precipitation product from 1998 to 2012 to identify the drought regions in 2005 and 2010. 
4.2.3 Collection 5 MODIS vegetation index 
Collection 5 MODIS vegetation index products, MOD13A2 and MYD13A2, 
provide Normalized Difference Vegetation Index (NDVI) and Enhanced Vegetation 
Index (EVI) at 1 km spatial resolution and 16-day temporal frequency (Huete et al., 
2002). The Collection 5 MODIS vegetation index retrieval algorithm picks the best 
observation to represent the vegetation photosynthetic activity during the 16-day period. 
This best observation tends to have the largest vegetation index value, because 
atmospheric contamination usually lowers the vegetation index. The vegetation indices in 
Collection 5 MODIS vegetation index products are from various sun-view geometries, 
and have Quality Assurance (QA) fields to indicate the quality of the retrieved vegetation 
index. These QA fields indicate the general quality of the retrieved vegetation index, the 
aerosol quantity, and the cloud and cloud shadow contamination status. Collection 5 
MODIS vegetation index products from both Terra and Aqua platforms during 2000 to 
2012 were used in this study. 
 !
78 
4.2.4 MAIAC vegetation index  
The Multi-angle Implementation of Atmospheric Correction (MAIAC) vegetation 
index (including NDVI and EVI) products are produced at 1 km spatial resolution and 8-
day frequency using the MAIAC surface reflectance products. The MAIAC surface 
reflectance is retrieved from MODIS observations using MAIAC algorithm based on an 
accurate semi-analytical solution of the Ross-Thick Li-Sparse model. The MAIAC 
algorithm normalizes the retrieved surface reflectance to fixed sun-sensor geometry—45-
degree solar zenith angle and nadir view—to make remote observations with varying sun-
sensor geometries on different dates comparable.  
The MAIAC VI products provide valid vegetation indices only. Pixels with 
atmospheric contamination, including clouds and cloud shadows, do not have retrieved 
vegetation indices. The MAIAC cloud detection algorithm is more accurate and less 
conservative than Collection 5 cloud detection algorithm, because it uses a time series 
and spatial analysis algorithm for cloud detection. MAIAC product obtains 20~80% more 
cloud-free observations over tropical forests than Collection 5 product, depending on 
season (Hilker et al., 2012). MAIAC vegetation index products from both Terra and 
Aqua platforms during 2000 to 2012 were used in this study. 
4.3 Methods 
The quality of retrieved vegetation index in MODIS Collection 5 vegetation index 
product are indicated by quality flags (Huete et al., 2002). The quality flags indicate 
whether a pixel is a cloud pixel, a cloud shadow pixel, or a pixel with high aerosol 
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loadings. Clouds and high aerosols loadings introduce errors to the retrieved Vegetation 
Index values, and these atmosphere contaminated VI retrievals should be filtered out in 
the analysis. The filtering method we used was the same as in (Samata et al., 2010; Xu et 
al., 2011). The MAIAC vegetation index product does not retrieve vegetation index 
values over atmospheric contaminated pixels (Lyapustin et al., 2012), so all the retrieved 
MAIAC vegetation index values were valid and included in our analysis. 
Optical remote sensing of the Amazon basin is particularly challenging because of 
the number of valid observations is limited due to the clouds, which produces the large 
precipitation, and the aerosols from biomass burning (Samanta et al., 2012). Terra and 
Aqua satellites overpass Amazon forests in morning and afternoon respectively, and 
between the two overpasses on the same day, cloud cover distribution could have 
changed. So, we combined the vegetation index data from Terra and Aqua platforms to 
mitigate the number of invalid observations. The combination strategy is as follows. (1) 
From February 2000 to April 2002, filtered vegetation index from Terra were used, 
because Aqua had not been launched till May 2002. (2) From May 2002 to December 
2008, the average of valid vegetation index from Terra and Aqua were used if both were 
available; if only one platform provided valid vegetation index, the only one value was 
used. (3) From January 2009 onward, valid vegetation index data from Aqua were used 
preferentially—Terra VI were used only when Aqua VI were invalid, because Terra 
MODIS had a degradation issue since 2009. 
We calculated the dry season average precipitation and vegetation index for each 
year from 2000 to 2012 following the method described in (Samanta et al., 2010; Xu et 
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al., 2011). Dry season averages were used because the 2005 and 2010 droughts happened 
in the dry season of Amazon, which lasts from July to September (Marengo et al., 2005; 
Lewis et al., 2010). These dry season average precipitation and vegetation index, 
excluding those in 2005 and 2010, were used to get the long-term means and standard 
deviations, which were then used to get the standardized anomalies of dry season mean 
precipitation and vegetation index. Pixels with standardized anomalies less than -1 were 
defined as drought pixels or browning pixels. The standardized anomalies assessment 
methods were also used in previous studies (Saleska et al., 2007; Samanta et al., 2010; 
Xu et al., 2011). 
4.3.1 Filtering Collection 5 MODIS vegetation index product 
The Collection 5 MODIS vegetation index product contains Quality Assurance 
(QA) fields to indicate the quality of the provided vegetation index value. Some 
vegetation index values are contaminated by clouds or aerosols, and need to be screened 
out in our study. The filtering method used in our study is the same as in (Samanta et al., 
2010; Xu et al., 2011). The retrieved MODIS vegetation index data were considered valid 
when (a) “MODLAND_QA” equals 0 or 1, (b) “VI Usefulness” is less than 11, (c) 
“Adjacent clouds detected” equals 0, (d) “Mixed clouds” equals 0, (e) “Possible shadows” 
equals 0, and (f) “Aerosol Quantity” equals 1 or 2. After this filtering using QA 
information, there is still some residual atmospheric contamination in the Collection 5 
MODIS VI data, so an additional filtering was applied as in Xu et al. (2011). The VI 
values that were two standard deviations or more below the long term mean were filtered 
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out. The aim of the filtering was to exclude the atmosphere contaminated VI values in our 
study. 
4.3.2 Calculating Amazon dry season average precipitation and greenness 
We calculated the Amazon dry season average precipitation by directly averaging 
the monthly TRMM precipitation data in the dry season months from July to September, 
because TRMM monthly precipitation data do not have missing values over Amazon. 
The Collection 5 MODIS vegetation index product are provided every 16 days, 
and there may be missing values in the product because of atmospheric contaminations, 
so there are at most 6 vegetation index values during the three months in dry season. In 
order to get dry season average greenness, we first averaged the two 16-day VIs in each 
month into monthly VI, then dry season mean VI is calculated only when all three 
monthly VIs were available. This calculating method reduced to the biases caused by 
missing values of the Collection 5 MODIS VI product, because the Amazon dry season is 
also the growing season, during which VI increases (Huete et al. 2006). 
The MAIAC vegetation indices data were provided every 8 days. We used the 
maximum compositing method to composite the 8-day MAIAC vegetation index data 
into 16-day data, following the compositing philosophy in Collection 5 MODIS VI 
products, and then used the same method in calculating dry season mean greenness as we 
used for the Collection 5 MODIS VI data.  
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4.3.3 Standardized anomaly 
For each Amazon pixel, there were 11 dry-season mean values for precipitation, 
and at most 11 dry-season mean values for greenness (because of missing values), from 
2000 to 2012, excluding 2005 and 2010 drought years. We used these 11, or at most 11, 
dry-season mean values from each year to get the long-term mean and standard deviation. 
We calculated the difference between the dry-season mean value and the long-term mean, 
and then divided this difference by the standard deviation. If either the nominator or 
denominator did not exist, the standardized anomaly was tagged unavailable. 
The dry-season mean precipitation anomalies in 2005 and 2010 over Amazon 
were illustrated in Figure 4.2, and the dry-season mean greenness anomalies from 2000 to 
2012 were illustrated in Figure 4.3 to 4.6. 
The 2005 drought impacted mostly the western part of the Amazon basin, and the 
2010 drought impacted a much larger area than the 2005 drought (Figure 4.2). In 2000 
and 2001, because we just had Terra data (Aqua was not launched till 2002), the pixel 
availability was lower than the other years. The Amazon greenness anomaly from 2000 to 
2012 were shown in Figures 4.3 to 4.6 using NDVI and EVI data from both MAIAC and 
Collection 5. To assist interpreting the greenness anomalies, the dry season precipitation 
standardized anomalies from 2000 to 2012 were provided in Figure 4.7. 
4.4 Results and Discussion 
For both MAIAC and Collection 5, Terra VI products provided more area with 
valid dry-season VI than Aqua products, because Terra overpasses Amazon forests in the 
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morning and Aqua in the afternoon—the sky over Amazon is less blocked by clouds and 
aerosols in the morning than in the afternoon (Figure 4.8). The combination of Terra and 
Aqua VI products gave us more valid pixels, and hence more complete assessment of 
Amazon forests’ response to droughts (Figure 4.8). The forests assessable using Terra-
Aqua combined Collection 5 VI product are around five million km2, which is ~80% of 
Amazon forests, while using Terra Collection 5 products alone, we only got valid dry 
season vegetation index over ~60% of Amazon forests. The Terra-Aqua combined 
MAIAC VI product provided valid dry season VI covering around six million km2 forests, 
which is ~95% of Amazon forests, in each year after 2003. This consistency of the high 
percentages of forested area with valid dry season MAIAC VI allowed us to give much 
more complete assessment of Amazon forests’ response to droughts than before. 
For the 2005 drought, the NDVI data from both MAIAC and Collection 5 MODIS 
showed greenness decline or no-change in most of the drought affected regions (Figure 
4.9), while the EVI data, especially Collection 5 MODIS EVI data, showed some 
greenness increase in the drought affected regions. The contradictory results between 
NDVI and EVI data are because of their respective retrieval algorithms. NDVI is 
calculated using just red and near infrared bands, while EVI uses these two bands as well 
as the blue band. The blue band receives higher percentages of atmospheric radiation 
because of Rayleigh scattering than the red and near infrared bands. The Rayleigh 
scattering in blue band should have been corrected in MODIS products under ideal 
conditions, but the heavy and frequent aerosols during droughts (Samanta et al., 2012) 
makes the blue band atmospheric correction insufficient, which results in elevated blue 
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reflectance and superficially high EVI. The MAIAC EVI product is more resistant to 
atmospheric contamination, so the widespread spurious 2010 Amazonian greening shown 
in Collection 5 EVI product are gone (compare Figure 4.9b with Figure 4.9d), which 
further corroborates that MAIAC product is more suitable for monitoring tropical 
vegetation than Collection 5 MODIS products (Hilker et al., 2012).  
Collection 5 EVI data show more greening areas in the 2005 drought in our 
analysis than in the analysis of (Samanta et al., 2010), because our analysis of Collection 
5 MODIS EVI gave a lower long-term mean of dry season EVI—we used four more 
years of data starting from 2009, and MODIS Collection 5 Vegetation Index products 
showed a gradual decrease of dry-season greenness of Amazon forests (Atkinson et al., 
2011).  
For the 2010 drought, both MAIAC and Collection 5 MODIS data show extensive 
browning in all the drought stricken vegetated areas, including forests (Figure 4.10). The 
result agrees with the results presented in (Xu et al., 2011).  
Then comes the question of satellite remote sensing’s ability in detecting Amazon 
forests’ response to droughts (Atkinson et al., 2011). Atkinson et al. argued that MODIS 
Collection 5 VI showed continuous decline of Amazon forests’ greenness after 2006, so 
even if Amazon forests’ greenness decreased in the 2010 drought, MODIS Collection 5 
VI data wasn’t able to show this response. While the time series of the areas of browning 
(negative dry-season greenness anomaly less than -1) Amazon forests showed an 
increasing trend in Collection 5 MODIS VI data, this was not observed in MAIAC VI 
data (Figure 4.11a, b). Both the NDVI and EVI data from MAIAC showed the largest 
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area of browning of Amazon forests in 2010, and the neighboring non-drought years 
2008, 2009, 2011, and 2012 didn’t experience extensive browning. The anomalously low 
Amazon forest greenness in the dry seasons of 2004 and 2007 can be explained by the 
water shortage happened before the dry seasons in these years (Thomas et al., 2014). This 
means that anomalously low supply of water during wet season can also decrease the 
photosynthetic activities of Amazonian forests in the following dry season. 
Collection 5 MODIS vegetation index products show the positively skewed 
distribution of greenness standardized anomalies in the drought-affected forests in 2005, 
but MAIAC data do not show such distribution (Figure 4.12). Base on MAIAC VI data, 
more than 60% of the drought affected Amazon forests showed similar greenness in 2005 
as in non-drought years, and the greening and browning fractions were all less than 20% 
(Table 4.1). The greening forests were sparsely scattered across the basin, but the 
browning forests were clustered in the southwestern part of the basin, where was the 
center of the 2005 drought.  
Both MAIAC and Collection 5 MODIS products show more browning than 
greening in the 2010 drought affected forests, and MAIAC products provide more valid 
pixels than Collection 5 MODIS VI products (Figure 4.12 and Table 4.1). Based on 
MAIAC data, about 50% of the 2010 drought affected forests showed no change, about 
30% showed browning, and less than 10% showed greening. 
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4.5 Conclusion 
The MAIAC vegetation index product shows no continuous browning of Amazon 
forests, and the recent droughts decreased the photosynthetic activities of the forests. In 
the 2005 drought, while as a whole, Amazon forests did not show greening or browning, 
the forests at the center of the drought area decreased photosynthetic activities. In the 
2010 drought, wide spread decrease of forests’ photosynthetic activity was observed. In 
2004 and 2007, because there was lower water abundance compared to normal years 
during the wet season, the photosynthetic activity of Amazonian rainforests also 
decreased. This implies that the likely more frequent future water deficits in the Amazon 
basin, no matter happen in dry season or wet season, can decrease the photosynthetic 
activity of Amazonian forests, hence elevate the atmospheric CO2 concentrations, and 
provide a positive feedback to global warming. 
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Figure 4.1 Land cover types over Amazon. The land cover types were identified using 
the IGBP classification system in MODIS land cover product MCD12Q1. 
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Figure 4.2 Spatial patterns of standardized anomalies of dry-season precipitation over 
Amazon in 2005 and 2010. We used the TRMM precipitation data to identify the drought 
regions, where the precipitation standardized anomalies are less than -1. 
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Figure 4.3 Spatial patterns of standardized anomalies of dry-season MAIAC NDVI over 
Amazon in the years from 2000 to 2012. Gray shaded areas are areas with missing data.  
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Figure 4.4 Spatial patterns of standardized anomalies of dry-season Collection 5 NDVI 
over Amazon in the years from 2000 to 2012. Gray shaded areas are areas with missing 
data.  
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Figure 4.5 Spatial patterns of standardized anomalies of dry-season MAIAC EVI over 
Amazon in the years from 2000 to 2012. Gray shaded areas are areas with missing data.  
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Figure 4.6 Spatial patterns of standardized anomalies of dry-season Collection 5 EVI 
over Amazon in the years from 2000 to 2012. Gray shaded areas are areas with missing 
data.  
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Figure 4.7 Spatial patterns of standardized anomalies of dry-season precipitation over 
Amazon in the years from 2000 to 2012.  
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a b 
  
Figure 4.8 MAIAC products provide more valid observations than Collection 5 product 
over Amazonian forests in dry season, and Terra and Aqua combined products give the 
more valid observations than Terra products. Amazon forests cover 6.4 million km2. 
Areas with valid NDVI and EVI were similar, and this figure shows the time series of 
forested area with valid dry-season NDVI. 
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Figure 4.9 Spatial patterns of remotely sensed Amazonian dry season greenness 
standardized anomalies of the drought-affected vegetation, including forests, over 
Amazon in the 2005 drought year. Amazonian dry season lasts from July to September 
(JAS). The greenness increase during the drought shown in Collection 5 MODIS data 
disappears in the results using MAIAC data, especially for Enhanced Vegetation Index 
(EVI). 
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Figure 4.10 Spatial patterns of remotely sensed Amazonian dry season greenness 
standardized anomalies over the drought region in the 2010 drought. Amazonian dry 
season lasts from July to September (JAS). Many greening areas shown in Collection 5 
MODIS data disappear in the results using MAIAC data, especially for Enhanced 
Vegetation Index (EVI).  
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Figure 4.11 Time series of areas with positive (standardized anomaly greater than +1) 
and negative (standardized anomaly less than –1 ) greenness standardized anomalies over 
Amazonian forests. Collection 5 MODIS vegetation indices data show browning trends 
of Amazon forests, while the more advanced MAIAC data do not show such a browning 
trend, and show the most extensive browning of Amazon forests in the 2010 drought 
year. 
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Figure 4.12 Histograms of remotely sensed greenness standardized anomalies over 
drought affected Amazonian forests in 2005 and 2010. MAIAC data show more negative 
greenness anomalies than Collection 5 MODIS data.  
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Table 4.1. Percentages of greening, browning, no-change, and valid areas within 
Amazonian forests affected by the 2005 and 2010 droughts.  
Data set Greening (%) Browning (%) No change (%) Valid (%) 
2005 
MAIAC-NDVI 10.92 18.51 64.80 94.24 
C5-NDVI 8.87 13.05 58.33 80.25 
MAIAC-EVI 14.81 9.00 70.38 94.18 
C5-EVI 23.76 8.88 49.06 81.69 
2010 
MAIAC-NDVI 6.74 35.81 52.33 94.89 
C5-NDVI 3.28 31.62 39.40 74.31 
MAIAC-EVI 9.00 29.30 56.53 94.83 
C5-EVI 13.96 20.22 47.43 81.61 
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Chapter 5 
Concluding Remarks 
The Earth’s climate has changed a lot due to anthropogenic influences, such as 
burning of fossil fuels, land cover/land use change, etc. Vegetation is an important 
component in determining the future of Earth’s climate, and understanding the dynamics 
of vegetation requires both field plot experiments as well as satellite remote sensing. 
Satellite remote sensing is especially indispensible for continuous monitoring of 
vegetation dynamics over large areas. This dissertation investigated the dynamics of 
vegetation over two critical regions: the arctic-boreal region in northern high latitudes 
and Amazonian rainforests in South America, in the context of climate change, using 
satellite remote sensing.  
The pole-ward amplification of global warming resulted in vegetation green-up 
over northern high latitudes (Myneni et al., 1997). Previous research showed the arctic-
boreal vegetation green-up patterns were different between North America and Eurasia 
(Zhou et al. 2001; Bogaert et al., 2002), and have attributed the reason to various factors: 
temperature induced drought (Angert et al., 2005; Barber et al., 2000; Buerman et al., 
2007; Piao et al., 2011), increase in winter snow depth (Bulygina et al., 2011), and 
disturbances (e.g. fires, insects; Goetz et al., 2005; Goetz et al., 2007; Lantz et al., 2010; 
Soja et al., 2007). Since temperature increase is the main driving factor of arctic-boreal 
vegetation green-up, this dissertation investigated the relationship between growing 
season mean temperature and growing season average vegetation photosynthetic activity 
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for the arctic-boreal vegetation over North America and Eurasia separately over the 30-
year period since 1982, and found that while the relationship between temperature 
increase and vegetation green-up was stable over Eurasia, the amount of vegetation 
green-up per unit amount of warming has decreased in high latitudes of North America 
since the beginning of 21st century. This dissertation included precipitation variable into 
the analysis and translated the temporal increases of temperature and precipitation to 
northward movements of these two climatic variables, suggesting a possible explanation 
for the divergent arctic-boreal vegetation changes between North America and Eurasia: 
the unmatched northward movement velocities of temperature and precipitation patterns 
in North America, which have resulted in unfavorable climate conditions to maintain the 
stable relationship between temperature increase and vegetation green-up.  
Amazonian forests are important for the global climate system. Our understanding 
about the intra-annual variation of Amazonian forests used to be clear: increase of 
photosynthesis, leaf area, and evapotranspiration rates during dry season (e.g. Huete et al., 
2006; Myneni et al. 2007; Brando et al., 2010; Samanta et al., 2012; Restrepo-Coupe et 
al., 2013). The understanding was based on both field observations and satellite remote 
sensing, and of course, satellite remote sensing provided more complete assessment of 
Amazonian forests. However, recently, one study (Morton et al., 2014) challenged this 
conclusion about the seasonality of Amazonian forests and claimed that Amazonian 
forests were constant and the previous conclusions based on remote sensing were an 
artifact of variation of sun-sensor geometry. This dissertation re-confirmed the 
seasonality of Amazonian forests using three lines of evidence from: MODIS Leaf Area 
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Index product, the retrieval algorithm of which explicitly accounts for the variation of 
sun-sensor geometry; MAIAC EVI data, which have normalized the sun-sensor geometry 
to 45° solar zenith angle and nadir view; and MISR sensor, which has different sampling 
strategies than MODIS. Analysis of these data clarified the seasonality of Amazonian 
rainforests, and sunlight is the proximate cue for leaf production. Sun-sensor geometry 
influences the satellite observations of Amazonian rainforests, but after accounting for 
the variation of sun-sensor geometry, satellite remote sensing data show Amazonian 
rainforests have sunlight mediated seasonality in canopy structure and photosynthetic 
activity.  
Amazonian forests’ greenness not only has intra-annual variation, but also inter-
annual variation, which may be caused by many factors, including water stress. Satellite 
remote sensing provides more comprehensive assessment of such variation than field 
observations. Assessment of inter-annual variation of Amazonian forests has to be done 
carefully due to clouds and high aerosol loadings (Samanta et al., 2010). The standard 
MODIS vegetation index product, the most suitable remote sensing data for this task 
because of its high spectral resolution for clouds detection and aerosol identification, 
shows continuous decline of Amazonian forests’ greenness after 2006 even when there 
were no droughts (Atkinson et al., 2011). The Multi-Angle Implementation of 
Atmospheric Correction for MODIS (MAIAC; Lyapustin et al., 2012) product have more 
advanced atmospheric correction and cloud detection algorithm than standard MODIS 
product. This dissertation assessed Amazonian forests’ response to droughts using the 
MAIAC vegetation index data. MAIAC data show no continuous browning of Amazon 
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forests, and the recent droughts decreased the photosynthetic activities of Amazonian 
forests. In the 2005 drought, while as a whole, Amazon forests did not show greening or 
browning, the forests at the center of the drought area decreased photosynthetic activities. 
In the 2010 drought, wide spread decrease of forests’ photosynthetic activity was 
observed. In 2004 and 2007, when there was lower water abundance during wet season 
compared to normal years, the photosynthetic activity of Amazonian rainforests also 
decreased. This implies that the likely more frequent future water deficits in the Amazon 
basin, irrespective of whether they occur in dry season or in wet season, can decrease the 
photosynthetic activity of Amazonian forests, and provide a positive feedback to global 
warming. 
This dissertation showed that satellite remote sensing of vegetation dynamics was 
important for our understanding about how the Earth’s climate system would evolve in 
future, so monitoring of vegetation dynamics from various satellite remote sensing 
platforms should continue into future. 
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